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PREFACE,

When, some years ago, the single-phase motor with com-

mutator made its appearance in the technical world, and its

practical importance had been proved by successful designs,

the attention of inventors was directed to this class of

machines. A great many new types were introduced in all

parts of the world, so that it was impossible for the average

electrical man to follow and to distinguish between "improve-

ment" and "new principle." Classification may, therefore,

help to clear matters. One way of effecting this classification

is to express every feature of the machines by their names.

Another method, w^hicli has been preferred in this book, is to

show that there are actually only two different principles :

—

1. Direct current machines, made suitable for alternating

current by laminating the field, inserting resistance between

the armature and commutator, by compensating armature

reaction, and by providing commutating poles wound in a

special way.

2. Repulsion motors (I retain this name, which appears to

be very popular, in spite of the fact that the word " repul-

sion" is not strictly correct). The quality of alternating cur-

rent energy, that it can be transmitted from one circuit to
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another without electrical connection, has been made use of

by " inducing " the current in the armature instead of " con-

ducting" it there.

All other inventions are modifications of these principles,

the most important being the use of the armature as an excit-

ing winding (Latour, Winter-Eichberg), a method by which the

power factor is improved at the same time, and enables us to

make a constant speed motor.

This book has been written for the engineer who has a

thorough knowledge of direct current machines and the prin-

ciples of alternating current machines, and also for the

specialist, who will find some original treatises (the core loss

and circulating current question, &c.) fully dealt with.

I have to thank the different firms who have kindly sup-

plied me with photographs or blocks of their machines.

R. GOLDSCHMIDT.
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ERRATA.

The following small errors have been detected in the text

of Dr. Goldschmidt's Book, "Alternating Current Commutator

Motors " :

—

Page 26 ; Equation (10), 2nd line, should read

—

1 n.p 1 / 1

= I90X— X^cos^V-^- • • •
(^^)

Page 114: 14th line, Fig. 124; 15th line, Fig. 125; 21st

line, Fig. 122.

page 124 : 11th line, Section 5, instead of Chapter V.



THE ALTERNATING CURRENT

COMMUTATOR MOTOR.

CHAPTER I.

INTKODUCTION.

1. Elementary Electro-Dynamic Laws.

To study thoroughly the function of commutator motors

worked with alternating current, it is well to go back to the

fundamental electro-dynamic laws relating to a single con-

ductor in a magnetic field. Every alternating current and

every alternating field are, considered for a very short interval

of time, a constant current and a constant field, at least as far

as their interaction, the production of torque and its electrical

equivalent, the production of E.M.F. through cutting of

lines by the moving conductor, are concerned.

I !

I i
! I

SI DpT
I I W i I I

Magnetic Field

Fig. 1.

Fig. 1 represents a magnetic field of a certain density B,

Fig. 2 a portion of the conductor carrying the current I.

The field in Fig. 1 may be produced by some large coil ; it

may be a portion of the field in the air-gap of an electromotor
;

it does not matter how we have produced it.

A.C.C.M, B
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Inseparable from our current-carrying conductor in Fig. 2

are magnetic lines of force closed round the lead. Looking at

a section of the latter and imagining the current to flow away

from us, the direction of the magnetism will be clock-wise.

If we place the conductor in the magnetic field, the latter

will lose its uniformity, the lines round the conductor com-

bining with the original ones in a way, drawing them to one

side like a heavy curtain. The curtain of lines tending to go back

to its original position moves the conductor along in the direc.

tion of the feathered arrow (Fig. 3).

Bearing in mind this law, together with that of the direction

of the flux around the conductor, we can easily find the

direction of rotation of any machine. If, for instance. Fig. 4

!
i

! I

i t t t

\ \ \ \

I

/

^H^

! I i i i I

Fig. 3.

—

Conductor in

Magnetic Field.

Fig. 4.

—

Section through
Commutator Motor.

represents diagrammatically a direct current machine, and the

magnetic action of the armature conductors lifts the curtain

of lines to the right, they will drag the conductors to the left,

i.e., the rotation of the machine will be counter-clockwise.

The well known backward movement of the neutral magnetic

zone of the armature is quite obvious, as, following our picture,

the curtain must be drawn back so as to shift the armature

forward.

If the conductor in Fig. 3 and the armature in Fig. 4 follow

the mechanical pull exercised on them, mechanical work is

given out and equivalent electrical energy has to be produce^,
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During the movement of the conductor magnetic lines are cut

and an E.M.F., E, induced, opposing the current and thus

trying to reduce its value. An E.M.F. equal to E has to be

spent from an outside source so as to keep up the current

against the counter-E.M.F. due to the movement in the

magnetic field. The electrical energy, E x I, is the electrical

equivalent for the mechanical work done.

We do not want to go further into these elementary details.

The object of mentioning them at all was to come into touch

with the fundamental laws. With their help we can decide

the direction of rotation in complicated cases. In the case of

two or more fields acting on an armature, or two or more

armature currents being in a field, we shall be able to deter-

mine whether the actions add together or subtract from each

other, &c. Furthermore, it is well to remember in complicated

cases that to determine the mechanical energy of a motor it is

only necessary to find the electrical equivalent, the counter-

E.M.F. due to the movement of the conductors, and to multiply

it by the current.

2. The Introduction of the Commutator.

A conductor at the surface of an armature carrying a certain

current produces a torque, say,

in a counter-clockwise direction

when moving in the sphere of influ-

ence of a certain pole, say the pole

from which the magnetic lines enter

the armature (Fig. 5).

If the conductor leaves this sphere

and, passing the neutral line A, B,

enters the region where the mag-

netic lines leave the armature, the

torque exercised on the conductor

reverses, as can be readily seen, if

we apply the curtain rule. This

holds good for both alternating and

direct current, if with the former we consider only a very .^^hort

interval of time. To make the armature revolve, the direction

B2

FiCx. 5.
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of current must change when the conductor passes the neutral

zone A, B. This can be achieved by making the current in the

armature an alternating one, having such a frequency that it

changes its sign when the conductor passes through the neutral

zone. This changing of sign of an alternating current in

the neutral zone might be called "natural" or "electrical"

commutation. As the frequency of an alternating current

supply, available for driving motors, must be considered as

something absolutely fixed, the speed of the motor must

adapt itself to it. There is only one speed, the synchronous

speed, at which the machine can work. It cannot—and this is

important—work at the speed " zero "

—

i.e., it cannot start by

itself—the great disadvantage of synchronous motors which

excludes them from all work requiring a certain amount of

torque at starting.

A second means to change the direction of the current, as

soon as the lead passes through the neutral zone, is the com-

mutator and brushes, as indicated in Fig. 4, and as universally

applied to continuous current machinery—the " artificial " or

' mechanical " commutation.

The ends of every conductor or group of conductors round the

armature are led to segments of the commutator, on which

brushes are slipping. These conduct the current into the

armature, but as the latter revolves together with the commu-

tator, and the brushes are placed accordingly, the current in

every conductor is reversed as soon as it passes the neutral

zone. The great advantage of the commutator method of re-

versing the current in the "neutral" is that such machines are

workable at any speed. Whatever the working conditions

may be, and whatever speed the machine may run at, inde-

pendently of its being supplied with alternating or direct

current, the commutator does its duty—namely, to change the

direction of the current in the armature leads as soon as the

latter pass from the region of one pole into that of the next.

If, therefore, the working conditions of armature and field

under the first pole have been satisfactory, they will be so under

the next one following. It is this quality which makes the com-

mutator motor desirable and which has contributed to make
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the leading engineers work out alternating current commutator

motors for application to railway work and general industrial

use, in spite of the enormous difiSculties to be overcome.

To complete our study we will mention that in the case of

polyphase induction motors (asynchronous motors) the change

of the sign of the armature current in the neutral zone

—

i.e.,

the zero point of the field, in this case a revolving one—takes

place through alternating current flowing in the rotor just as

with the synchronous motor, I.e., through ''natural" com-

mutation. The induction motor has the advantage that the

armature current is not taken from the supply, but is induced

through the revolving field itself, and that its periodicity

changes as the speed changes, in such a way that the direction

of the current alters automatically as soon as a rotor conductor

passes out of the range of one pole into that of the next. The

starting of the polyphase motor is good, but it has the draw-

back that efficient working can only take place very near

synchronous speed.

3. Counter E.M.F. and Torque.

We will now pass on from the elementary considerations

of a single conductor in a field and direct our attention to

armatures built exactly as those in use with continuous cur-

rent machines

—

i.e., drum winding closed in itself and arranged

in slots at the outer circumference of the laminated cylindrical

iron core. The ends of the single armature coils are connected

to commutator segments. Assuming we have a two-polar

machine, two brushes diametrically opposite one another slide

on the commutator and conduct the current into the armature,

dividing at the same time the armature winding into two

halves, which carry current in opposite directions. Fig. 4

diagrammatically gives a picture of the current distribution,

in a section of a conductor marked © the current flowing away

from us, in one marked the current flowing towards us.

This diagram of the current distribution is true for every

position of the armature.

To calculate the torque and the power we have, as explained

above, to use the law for the E.M.F. induced in the armature
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through its motion in the magnetic field, the equivalent for

the speed. We put the brushes into the neutral position and

assume the magnetic flux issuing from one pole and entering

the other to have the value N expressed in C.G.S. lines.

If we call further

Sa the number of conductors all round the armature,

n the speed in revs, per niin.,

then the E.M.F. induced in the armature through rotation is,

according to the well-known formula in use for direct-current

machines,

E=:s„x -J^xNxlO-^ volts
60

=:Total conductors x revs, per sec. x flux x 10~^ . (1)

It is necessary to emphasize the fact that the distribution of

the flux around the armature has no influence on this E.M.F.

In Fig. 6a the conductors on one side of the armature have

u u u o uu u u u u uuuuul uuou

Fig. 6a.

Fig. 6b.

been spread out in a straight line and the distribution of the

flux has been shown by a diagram. At the "neutral" the

flux density is zero, rising up to a certain maximum under

the pole and remaining there practically constant. (Curve I.)

Let us remove from part of the armature surface {ah) a portion
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of the flux, reducing the density here to ae=bf, and transfer

this flux to another part cd (so that cd=zah), increasing here

the density the same amount we reduced it on ab (Fig. 6b).

The total flux thus remains the same as before. The result

will be that the conductors between c and d receive exactly as

much more E.M.F. as those from ab receive less. The total

E.M.F. will be exactly the same as with the distribution in

Fig. 6a.

The law that the form of the flux curve has no influence

whatever on the E.M.F., and that the total flux N fixes the

value of the latter, is important with alternating current

motors, because widely diff'erent flux distributions are in

practical use. With a direct current machine we generally—

a

few recent constructions (turbo-generators) excepted—have one

field coil per pole surrounding the latter, and the pole itself ends

in a pole-shoe with a face giving an even air-gap between pole

and armature. Sometimes a slight bevel of the pole corner

is used. Our curve in Fig. 6a is representative of the flux

distribution in such a case. With alternating current com-

mutator motors, too, this form is much used, but one finds also

machines which have no projecting poles at all. The stationary

portion is a cylinder surrounding the armature quite uniformly,

Fig. 7.

—

Distributed Fig. 8.

—

Field Curve with Djs-

FiELD Winding. tributed Field Winding.

and the field winding consists of several concentric coils em-

bedded in slots on the inner surface of the cylinder. The

whole arrangement resembles that of an induction motor very

closely (Fig, 7). With such a machine the flux assumes the

iorm of Fig. 8. We have taken the number of slots per pole
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to be six, one-half of a pole pitch in the centre of the coils being

free from winding, as here the opening of the coils would

become too small to be effective. It will be our task presently

to find the most economical way of excitation ; for the present

we shall disregard the method of producing the flux altogether.

At every moment theJ^.M.F. is fixed by formula (1) ; therefore,

if the flux N is an alternating one, the E.M.F., followiny it very

closely in every respect, is also alternating. E is always propor-

tional to N, has the same form expressed as a function of the

time and the same periodicity, regardless of the speed.

Taking the exciting current to alternate sinusoidally, and dis-

regarding saturation for the present N, and consequently E,

will follow the same law as the current.

At the moment where N has its maximum value N,n,ix., we
have

En,ax.=^', X ' xN
^ 60 '"""•

xlO-^ volts.

and the root mean square value

Err
1

V2
n

X S„ X — X
" 60

Nn,ax. X 10-« volts. • (2)

It is usual to introduce N,nax. into the formula for E, as the

maximum of the flux density fixes the saturation of the iron

and the core loss, and is limited by the tiux-carrying capacity

of the iron and by heating.

Fig. 9.

The current entering the armature maj^ have the effective

value (R.M.S.) I. We will further assume that I and E shall

have no phase displacement one to another (Fig. 9). Then the



COUNTER E.M.F. AND TORQUE. 9

electrical power converted into mechanical power is

P=E X I watts=:E X 1/746 H.P. ; ... (3)

the torque in pound-feet is

T=5,2oOx ho^^^-PP^^-^^
(4)

revs, per mm.
Introducing the value for E we find

P=-7- X 5„ X ^ X I X N,„ax. X 10-' watts,
sl'2 oU

=C'y^7^n ^ ^« X « X I X N,n^,. X 10-« H.P.

Torque T=J^ x 5« x I x N,„^,. x 10-« Ib.-ft.

=1 X ampere-conductors on armature

X max. flux x 10"' lb. -ft. ... (5)

The torque calculated is naturally not the actual torque avail-

able on the shaft. We should have to deduct the hysteretic

and friction momentum, amounting to 5 to 10 per cent, of the

total. This will be determined later on, as it does not affect

the principle of working of the commutator motor.

With a direct-current machine the factor l/\/2 in the for-

mula for P would drop out, so that with the same N^ax. and

the same R.M.S. value for the current, the output of an alter-

nating current commutator motor is 29 J per cent, less than that

of a direct-current machine.

Our assumption that the counter E.M.F. of the motor is in

phase with the current is identical with the condition that

current and magnetic flux are in phase, and, with an ideal

motor free from hysteresis, that exciting and armature currents

are in phase.

As a general expression for the electrical power we have to

put
P=E X I X cos a, (6)

where a is the angle of phase displacement between I and E
(Fig. 10). The same factor, cos a, appears in the formula for

the torque

T=: j-L X I X S„ X N,^ax. X COS a X 10"" lb. -ft.

If a is 90 deg. the machine cannot work, no torque being

produced. We will consider this case a little more in detail.
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Fig. 12 shows the two sine curves of field N and armature

current I in the case of 90 deg. phase displacement. Consider

a quarter period A-B during which the flux is positive, the

current is negative, and the torque exercised on the conductor

FluxN

E.M.F. E

Fig. 10.

Fig 11.

Flnx N /

Current I

Fig. 11a.

in Fig. 11 has the direction to the right. When the flux is

at its height (at B) the current changes its sign, and during the

quarter period (B-C) the torque is reversed (Fig. 11a). Plot,

ting the torque curve in Fig. 12 we find it to be a sine curve
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with twice the periodicity of that of the current. The average

torque is zero.

Fig. 10 shows the torque curve for a degrees displacement

of flux and current.

4. The Production of the Magnetic Field.

The general behaviour of the alternating current commutator

motor would be very much the same as that of a direct

current machine if an alternating current magnetic field could

be produced as simply and inexpensively as a direct-current

field. In both cases, to drive a flux through field, air-gap and

armature a certain number of ampere-turns in the field coils

are required; the same with alternating and direct current

motors. There is some slight distinction necessary, due to our

calculations being made with the maximum flux Nmax.

Suppose that, to produce a constant flux equal to N^ax.* ^

direct current, i^ must flow in the Z/ field-turns. The ampere-

turns being % x Zf, then the maximum alternating current

excitation must be equal to 4- Hence, the eflective value

(K.M.S.) of the exciting current, taking the curve form to be

sinusoidal, is

This difference, naturally, is only due to our using N^^x. In-

troducing directly the E.M.F. induced in the armature, the

factor 1/^72 drops out as it occurs in the formula (2) for E as

well, and we can say that, to produce in a given armature at a

fixed speed a certain E.M.F. (B.M.S.), the same exciting current

in the field is required, regardless of its being direct current or

alternating, provided that the iron is not saturated.

With direct and alternating current alike the current flow-

ing through the field coils causes the same ohmic losses in its

resistance and the same ohmic drop, provided the coils are

otherwise the same. But the flux has ceased to be constant,

and the well-known effect of the alternating flux makes itself

felt

—

i.e., (1) the iron resists the variation of the lines, hys-

teresis and eddy-current losses being caused. This necessitates

lamination of. the field iron in alternating motors. (2) The alter-
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Dating flux, passing through the field coils, induces an E.M.F.

in them.

These phenomena are just the same as those occurring in all

alternating apparatus, such as transformers, choking coils, &c.

The question of the core losses can be dealt with in the

well-known way. Knowing the density in the iron and the

quality of the latter, the calculation of the core losses in

the field does not offer greater difficulty than, for instance, in

an induction motor. To calculate the core loss in the arma-

ture is slightly more complex, because of the rotation of the

latter, making it worth while to go more carefully into this

question. We shall, however, defer this to a later chapter,

and devote ourselves entirely to the study of the inductive

effects. In doing so we shall neglect for the present entirely

the losses and drops caused through hysteresis and the ohmic

resistance of the coils. We shall assume ideal field coils with-

out ohmic resistance, and iron carrying the varying magnetism

without loss and without being saturated.

It will generally be our policy, in cases of very complicated

questions, to treat ideal cases first, omitting comparatively

minor quantities which do not materially affect the problem

in question. They would only blur the clear picture of the

principal subject if we took account of them from the first.

After having developed the main points, it is very easy to

allow for all corrections afterwards.

If Zf denotes the number of field turns, v the frequency in

periods per second of the supply, and naturally also the fre-

quency of flux and field current, further N/^ax. the amplitude

of the magnetic flux, then the formula for the E.M.F. induced

in the field coil is

El=4-44 X ZfX V X ^fma.. X 10"^ volts. . . (3)

This is the well-known formula for the E.M.F. caused by an

alternating flux passing through a number of turns, as used

with all alternating apparatus. To keep up the flux Ny max.

»

we have to supply the field coil with a voltage e^, equal and

opposite in phase to Ej,. Further, the magnetising current

if is flowing ; Cl and i, are at 90 deg. phase displacement, and
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the product e^ x ij. does not represent any energy. The current

is wattless, the same as with a choking coil. The energy

stored in fields and field coils during the period of creating

the flux is given back a moment later when the field dis-

appears. Represented in a linear diagram (Fig. 13) the sine

curve if is the field current, being in phase with the flux N^
and, created by it, the sine wave for the induced E.M.F.

El follows flux and current by 90 deg. To overcome Ei^, the

E.M.F. e^^ must be equal and opposite to E^. Fig. 14 repre

sents the same phase relation in a vector diagram.

^ aN'

>^lf

Et cl

Fig. 14. FiCx. 15

The losses in resistance and core affect this diagram only to

a very small degree. They reduce the phase displacement

between the terminal voltage of the field coil, which we will

call Cf, to distinguish it from its inductive component e^ (Fig. 1 .5).

With practical motors the cosine of the angle between e^- and

iy is about O'lO to 0-15.
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Though, except for the comparatively small losses, actually

no power is consumed, the ivattless voltage and current must

he taken from the line, e^ x if volt-amperes must actually be

produced by the generator. Calling this amount of wattless

power Pl/ = ElXiV, we can express it by the following for-

mula :

—

Pl^=:4-44 X ifX Zf X JS^max. X V X lO"' volt-amperes, . (4)

or wattless power consumed by field =:4'44 x 10"^ x ampere-

turns X max. flux x periodicity.

The ampere-turns required to produce N^^^gx. are propor-

tional to ^fmax. itself and to the reluctance E of the magnetic

path. Putting

Ampere-turns X \/2 4??

10 tqX amp. -turns X 1-41

--^ X K X N^ ,„^,. ; and N^,„^^. =

we can say

Fi^f-2'5 X 10-^ X N},„^x. X R X i;,

or p^_7.8^(V^^J!xt'xlO-«

= 7-8 X 10-3 X ,

(ampere-turns)^
x periodicity. . (5)

reluctance oi magnetic path

The similarity to Joule's law will be noticed. These formula3

tell us that the wattless power to produce the magnetic field is

proportional to the periodicity and the reluctance of the motor, and

proportional to the square of the magnetic flux. A small air-gap

reducing the reluctance and a low periodicity are, therefore,

desirable.

Our flux Nf would be identical with the flux in the arma-

ture N, except for the leakage lines. Just the same as with

direct current machinery, additional flux lines find their way

through leakage paths round the field coils. The leakage co-

efficient

—

i.e., the ratio N^/N—is about 1*1 or 1*15 or smaller,

dependent on the design. Calling the leakage co-efficient c,

we can write the formulae for El and P^/-

Ei,= 4-44xcx0;XvxN^^,. xlO-'. . . . (6)

F^f= 4-44 X c X (v X z^) x 'N^^^_ x v x 10"'^.
. . (7)
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The basis for these formula? has been an arrangement as

shown in Fig. 16, the field coils embracing the whole of the

magnetic flux. If the field winding is split up into several smaller

coils distributed in slots on the inner circumference of the stator,

Fig. 16.

the flux passes through between the different coils. It is not

clear at first sight if such an arrangement offers an advantage

over that with concentrated coils— i.e., if, to produce a certain

flux, less wattless power is necessary in one case or the other.

We can easily study this question by starting from the arrange-

Fiu. 17.

Fig. 18.

B

Fig. 17a.—Field Form with
Concentrated Winding.

Fig. 18a. — Field Form with
Distributed Winding.

ment with concentrated windings (Fig. 17) and splitting one-

half of the coil off, placing it in two slots, c and d (Fig. 18).

Both coils are concentric, coil 2 having a smaller span, x, than

Qoil 1, the span of the latter being y (Fig. 18). 2)/2 is tliQ
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number of turns per coil. The portions a-c and d-b of the field

are only exposed to the magnetising power of one -half of the

total ampere-turns ; the diagram of the flux density, therefore

has the form Fig. 18a, the average density, Bav., being

•Pmax. , "max. ^ ^. ^^

2 2 y'

To obtain the same flux as in Fig. 17, B must be the same,

and, therefore, the exciting current must be increased in the

proportion

2

For xly=\ the ratio is 1-33, and 33 per cent, more amperes

would be required to produce the same flux. But in spite of

the increase in ampere-turns, the watts may be less, as they

depend on Ej^ also. We find E^-j for the inner coil, considering

2
thatB^a^.is--—- higher than B,,,..,

l+xly

Ei^.,= J xEi,
1 + yjx

The total flux remaining constant, Ej^j must be one-half times

Ej^ and therefore

" +E.=(Hj^>.
For a:/?/ = J, E^ -i-El2=0-83 x El—i.e., theE.M.F. of induction

is 17 per cent, smaller than before. Calling P'l^the wattless

power with arrangement Fig. 18, we find

jy, _l-^^xxly ^
^^^-Jl^^yf''^-'

Vj^f is a maximum for xjy = ^, and for this figure the wattless

energy is P'l^=:1-125Pl—ee., 12| per cent, higher than if the

coils were concentrated. The curve Fig. 19 shows the ratio

P'l//Pj/ as the function of xly.

An ideal limiting case is worth considering—viz., the uni-

form distribution of the field winding over the whole inner

surface of the field. This case is important because sometimes

the exciting current has to flow in the distributed winding of

the armature itself, as will be seen later on. The curve for the
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density is then triangular (Fig. 20). Considering the total flux,

and, therefore, B,iv. as fixed, Bm^x. is 2 x B^,, The exciting

current with the same number of turns is, therefore, double

that of the concentrated winding. The flux N„ comprised by

a turn with the span x, is a measure of the E.M.F. induced in

it, or
Ea:OcB^a,.xa;(l-^J.

2r

I'l •^ '

. ,

1-0 ^^^^ ^~
j

a 0-9
<

g 0-8 : 1

|0-7

8 0*6

-

0-5 •

0-4 •

03

0-2 •

0-1
1

1 ,. , 1 . . l-_l L--^^ U_l
01 0-2 0-3 0-4 0-5 0-6 0-7 O'S 0'9

X Span of inner coil,

2/ "span of outer coil.

Fig. 19.

Fig. 20.

—

Field Form with -Flat Winding.

The average E.M.F. per turn is, therefore,

ma-v ..II '*' \ 7 -Umov

y Jo\ 2yJ 3
xy.

In the same measure the average E.M.F. for the turn of a
p

concentrated coil would be -55£- x y. The E.M.F. induced

in the distributed winding by a certain flux is, therefore, only

A.c.c.ii. C
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one-third that of a concentrated one. The current being

double, the distributed winding consumes 50 per cent, more

wattless energy. This 50 per cent, is partly made up by re-

duced leakage. As a general conclusion we may say the

wattless energy necessary to produce a certain flux is smaller the

more the field winding is concentrated.

The ohmic loss in the field varies together with the ampere-

turns, and the latter are smaller the greater the concentration of

the field winding, this effect not being compensated for by the

increase of mean length of turn.

The core losses in teeth and poles are also smaller the more

the ratio B^^JB^y approaches unity, the latter being reached

practically with a one-coil winding.

5. The Simplest Forms of Excitation : Shunt and Series Motor.

The most frequent form of a direct current machine is the

shunt motor. We might almost call it the most natural way
to supply the exciting coils with their energy separately from

the armature. Further, this constant-speed form of machine

is most suitable for the majority of practical purposes. Let us

consider the qualities of such a machine, when supplied with

alternating current.

h--i
^ Terminal Tolta^e

e

Armatare Coirent

i

Fig. 21.— Shunt Motor.

Exciting Current Flux E.M.E

Fig. 22.

Fig. 21 shows a diagram of such a machine. The terminal

voltage of the motor being the terminal voltage of the field^

the exciting current ij.and the flux N^will be displaced in phase

from e by almost 90 deg. This phase relation is borne out

by Figs. 13, 14 and 15, and also by diagram Fig. 22;
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OA. is e, 00 the flux N, 90 deg. behind e. The arma-

ture revolving in the flux N consequently generates the

counter E.M.F. E, which, as is easily seen, is exactly in

phase with flux N, and, therefore, lagging 90 deg. behind e.

On the other hand E must be counterbalanced, it must be

supplied as a component of the terminal voltage e, but both

being in 90 deg. phase displacement, e cannot have a component

in phase with E. We can, therefore, conclude at once that the

shunt motor in this form cannot work. There are means by which

such a shunt machine can be made to develop torque; for in-

stance, this can be eff'ected by bringing the phases of N, with its

E and e, closer together. Ohmic resistance may be introduced in

Fig. 23.

—

Shunt Motor with
Choker and Resistance.

the field winding, thus shifting the phase of if, N and therewith

E closer to e. At the same time self-induction must be intro-

duced in the armature circuit, possibly by increasing the

natural re-actance of the armature, so as to make the armature

current lag behind the terminal voltage (Figs. 23 and 24).

It is evident that these expedients are not practical ones ; the

resistance in the field coils would consume an enormous amount

of energy. As stated above, the power factor of the field

circuit is ordinarily about 0-10 to 0-15. To bring the flux

within 45 deg. of e—i.e., to produce a power factor of the field

equal to 0*71, the losses in the field circuit must be about six

0?
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times the ordinary losses, which means a reduction in efficiency

of something like 20 to 25 per cent. In trying to make up
the rest of the phase displacement between e and E—45 deg.

—

an E.M.F. of self-induction must be introduced in the arma-

ture circuit, just as big as the useful counter E.M.F. E itself.

The power factor, therefore, will be very low indeed.

We shall see later that there are motors with " shunt

"

characteristics, but these are machines of a quite special con-

struction, entir 'ly different from that of the direct current

shunt motor.

Pia. 25.—Series Mjtor.

/
, >Flux N
D

^Current I/ 7 E
j

erminal
Voltage

E.M.E of Field F

Connter E.M.F of Armature

Fia. 26.—DiAQRAM OP Series Motor.

We have come to these conclusions very quickly, on the

basis that the terminal voltage must have a component in

phase with the counter E.M.F. to make the motor work. This

supposition is the same as if we had said that the current

must have a component in phase with the flux as already ex-

plained. The motor best suited for alternating-current work
is a machine whose flux and armature current are in phase, i.e.^

whose counter E.M.F. and terminal voltage of the armature

are in phase, without it being necessary to introduce an E.M.F.

of self-induction {e\ in Fig. 24) to adjust the lack of phase

coincidence. This condition is excellently fulfilled in the plain

series motor. Fig. 25 shows diagrammatically such a motor.

The current naturally is the same in field and armature, and
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thus also the magnetic flux produced by the field coil and the

current in the armature are—apart from hysteretic lag—in

phase. Due to the hysteresis component of the current, and

other causes which we shall consider later, some slight phase

displacement between flux and current exists. For the present

we will neglect this amount. Diagram Fig. 26, therefore, be-

comes very simple. OA is the current, in phase with it the

flux OB= N, and in phase with the flux the counter E.M.F.

00 = E. If we have—as we will assume for the present—no

self-induction in the armature and no resistance, the terminal

voltage of the armature would have only to balance E, and

would present itself as a vector OD = - E. We find from dia-

gram Fig. 14 the terminal voltage of the field ^l to be 90 deg.

in advance of the current, and represented by the vector OF

;

these E.M.Fs., — E and ej^, together equal the terminal voltage

of the machine e.

We see that the difference between the series and shunt

motor consists in the latter working with a wattless component

of the armature current. The plain shunt motor works, there-

fore the better the lower the power factor. The series motor,

in a way, is working with the useful component of the E.M.F.,

and its working ability improves with the power factor.





CHAPTER IL

THE SERIES COMMUTATOR MOTOR.

6. The Ideal Series Motor. i

Following the principle put forward, we will now treat

the ideal case first and then provide the ideal machine, with

all the comparatively minor difficulties and complications.

Our ideal series motor is a machine without saturation, with-

out resistance in armature and field, without core loss and

difficulties in commutation, and without self-induction in the

armature. The diagram Fig. 26 is that of our machine.

The magnetic flux has hitherto been the only intercon-

necting factor between armature and field, as, apart from the

leakage coefficient, armature and field flux were identical.

Our series machine has a second important item common to

the stationary and revolving parts—i.^., the current. The

formula for the useful power is

P = ExI= 4-X*aX^xIxN^ax.XlO-« watts,

and for the wattless power consumed in the field

Pl/ = ElX I= a/2 X T X I X 0/X w X N^ax. X c X 10"^ volt-amperes.

They have the common factor I. Therefore the ratio

.= ^.=| = 2.X.xl^X„-J-,, ... (8)

i.e., the ratio between the wattless power to produce the magnetic

iiux to the useful powei' a\s, apart from a constant^ fixed by the

ratio -MU^ and the ratio flfS!^. The lower
armature conductors speed
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the frequency and the higher the speed, the smaller is the

wattless power which must be spent to produce the field.

With a certain motor with fixed .<?^, ay, and v, k is inversely

proportional to the speed. Fig. 27 shows that the ratio k

has a direct bearing upon the power factor—?'.e., the cosine

of the angle <^, between the phases of the voltage e and current

I . tan <^ = A;=El/E = ^l/E, or the power factor

cos (/)= 1 / v/ I + k\

If we wish to design a motor for a given frequency to run

at a given speed, ana if we further desire to obtain a certain

cos <^, we can calculate the ratio of t he field turns to the

armature conductors by means of formula (8).

4 Flux N

V terminal
Voltage

Fig. 27.

The latter may conveniently be written

hA=V
COS"-^ (\i

-1, or
2r-

V c 27r cos-(^
1

for a motor, for /t = 1,200 revs, per min., ^; = 25 cycles per

second, c= l-12, the following table is representative :

—

cos Z^l^a.

0-30 0-364

0-50 0-199

0-70 0-117

cos
<f> Zfha

0-8U 0-086

0-90 0-0554

It will be noted that a small ratio
field-turns

IS a
armature-cond.

condition for a good power factor. It is the same as with
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induction motors. In both cases the field ampere-turns must
be kept low, because the exciting energy must be supplied with

alternating current, and is, therefore, expensive.

To obtain a power factor of 70 with our ideal two-pole

motor the ratio of armature conductors to the field turns of a

motor must be 0'117.

As the turns of the armature are one-half of the conductors

and the conductors carry only one-half of the total current, we
can say that, to obtain the power factor of 0*70, the field

ampere-turns must not be more than 11-7x4 = 47 per cent, of

the armature ampere-turns. The ratio
Jeld ampere-turns

armature ampere-turns
is familiar to us from the theory of direct-current machines

and alternators, where it is of chief influence on the reactive

Fig. 28.

—

Multipolar Motor.

drop of the voltage. With alternating current commutator

motors it fixes the inductive drop and consequently the power

factor. Through these elementary considerations such an im-

portant " constant " as the ratio of turns can be fixed. It is

very easy to extend our study to multi-polar machines (say,

4 poles, Fig. 28), bearing in mind that our investigation refers

to one magnetic circuit comprising a pair of poles. For the sake

of convenience we give the machine a parallel wound armature

Giving So, the same meaning as hitherto

—

i.e., the total num-

ber of conductors on the circumference of the armature, we find

P = _L X 7^ X ^a X I X N„,,. X 10-« watts,

V'2, bO
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the same as before. As the magnetic circuits have doubled,

Pi^ is twice as great as before,

Pl/= 2. Jl:KirxlxZfXvx^ max. X 10~'' X c volt-amperes.

Zf must be taken as the number of conductors per pair of poles.

Putting ^/2 = number of pairs of poles, we have generally

pL/=i?/2 . \/2 . TT X I X ^^ X ?; X N ^^x. x 10~^ x c volt-amperes.

The ratio k is now

and !r=|x-i^xixJ.x\/4iri.
Sa 2 V C ZTT ^ COS^ (fi

A series armature equivalent to a parallel armature with

conductors wou

a series armature

&•„ conductors would have

—

-^ conductors, and, therefore, with
p/2

^= 27rX^/X_L^Xc.
Sa n/60

Here k becomes independent of the number of poles.

Introducing the ampere-turns instead of the turns or con-

ductors, we find, generally, for any armature, series or parallel,

7 _ V field ampere-turns per pair of poles /qv

n/60 total armature ampere-turns

It is often convenient to compare the field ampere-turns per

pair of poles with the armature ampere-turns per pair of poles

;

therefore,

field ampere-turns . r i

7 = i- per pair of poles
armature ampere-turns

= 1 x-iLxV.4
1,900'> .v"c " cos^cfi '

' ^ ^

The greater the number of poles, the hie/her the speed and the lower

the frequency, the greater can be the ratio of
armature ampere-turns

to obtain a given power factor.

A certain speed is specially significant, the synchronous

speed—that is, the speed at which a synchronous motor with

p poles would run.

For a four-polar motor, supplied with alternating current at

25 periods, the synchronous speed would be Ug = 750 revs, per

min.
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Introducing Ug into the formula for y we find

27

IT Hg C C0S2 </)

Introducing further the ratio [3^""= actual ^peed
^

n^ synchronous speed

and cos <^:

v^Hi-a'
1-0

0-9

^0-7

?, 0-6

to 0-5

S 0-4

§ 0-3

0-2

01

Ratio
Field 'at

7^045,^—
^ —

n

—
/I

7- Vh^-^ ^^^ ^

/

/

/
y ^-^

/ /
/

'-y
y^"

C03 9>

/ / / n.>7R

^
K. Powe Fact )ratS nichr nous Speed

/ / XK
/ / -^

^

/ r"'

ieldA
imatu

mpere Turns
re Ampere Turns

/ 0-5 1 6 2

0*5 I'O

Synchr. Speed.

2-0

Fia. 29,

3-0

Speed.

The three curves (Fig. 29) give the power factor as a function of

the speed for the ratios 7= ^— =0*25, 0*5,^ armature ampere-turns

and 1. We have assumed c to be 1*1.

To obtain a power factor of 0*75 with the machine running

at double the synchronous speed (say, four poles, 25 cycles,

, -^rt • \ i.u X- field ampere -turns ,

1,500 revs, per mm.), the ratio i- must
^ armature ampere-turns

not exceed 1. With a direct-current machine 7 is about 1,

sometimes more, up to about 2, but very rarely less than 1.
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If we were to design the alternating-current motor on similar

principles, making 7 = 1, a power factor of 0*85 would be

obtained at about 2*90 x synchronous speed. Assuming we
have to deal with a large railway motor where the speed

may be fixed at, say, 725 revs, per min., the synchronous

speed must be 725/2*90 = 250 revs, per min. With 25 periods

the motor must have at least 120x25/250 = 12 poles; with

16f periods, 8 poles. If we keep the air-gap small and

make y = 0'5, the speed need only be 2*2 x synchronous

speed, and the number of poles can be reduced to 8 or 6 re-

spectively. A very large number of poles is undesirable for

many reasons ; among others, it increases the number of com-

mutator bars, makes the brushes come very close together, and

reduces the interpolar space.

Flux II

Fig. 30.

So we see that a low frequency, if possible below 25, is a con-

dition for obtaining a good power factor. At the same time

a very small air-gap, unknown with direct-current machines, is

desirable—unless artificial means are employed to improve the

power factor.

Hysteresis and eddy currents effect an indirect improve-

ment of the power factor. Both these subjects will be dealt

with in detail later.

To study the working conditions of the ideal motor at

different loads we will build up a simple circle diagram

(Fig. 30). In the diagram representing the relation between

the three voltages on field, armature and at the terminals, the

angle OAB between E and E^ is always 90 deg. Keeping the

terminal voltage e constant, the point A at difi'erent loads

moves on a circle with OB = e as diameter. El is proportional
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to the current, provided the motor is not saturated, and there-

fore AB is representative of the current itself. If we have

once determined the scale— 1 ampere equal to a certain number

of millimetres or inches—we can take the absolute value of the

current as AB, the phase naturally remaining in the direction

OA. The useful power is P = e . I . cos </>. As g is a constant,

the watt component of the current I cos <^ is a measure of P.

Drawing (Fig. 31) AC vertical on OB, AC is I.cos<^, and

therefore can stand for P.

To obtain a measure of the speed, we remember that OA = E
is proportional to the current and the speed. El is propor-

tional to the current only, and therefore the speed is equiva-

FiG. 31.

—

Diagram of Ideal Motor.

lent to the ratio E/El, or OA/AB. A line in the diagram

standing for this ratio is easily found. We draw CD vertical

on OB and DF parallel to OB, then the triangle ODF is simi-

lar to OAB and DF/OD= OA/AB. As OD is a " constant " deter-

mined by convenience of scale only, DF is a measure of the

It is convenient to have not only the angle <^, but also

cos </) given as a line. We can take OA for it, OB being put

equal to unity.

It only remains to discover a line for the torque. The latter

is proportional to the square of the current— i.e., propor-

tional to (AB)2. As AB/OB = BC/AB ; AB2 = BC x OB. OB
as terminal voltage being constant, BC is a measure of the

torque. OB itself would be the starting torque with full voltage

on the terminal of the motor. It is interesting to note that
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BC is also proportional to the wattless component of the

current (I . sin c{>), so that the torque is proportional to this

wattless component, while the useful energy is proportional to

the watt component of the current.

The preference for the mathematical or graphical represen-

tation is a matter of taste, but I think that many people will

agree with me that a very simple diagram, as the present one,

will lead more quickly to a clear result, and can more easily be

borne in mind, than a more or less complicated formula.

From our diagram we see how at starting (speed DF equal

to zero) F falls into D, cos <^ being also zero, as the whole

energy sent into the motor is the wattless energy consump-

tion of the field, and the useful energy AC becomes zero. The

current BA is then equal to BO, the highest value it can

assume. As is customary, we will call this current taken by the

motor at standstill under full voltage the short-circuit current.

The torque has the highest figure possible, CB becoming

identical with OB. As the speed DF increases, the line OF
swings round O towards OB. The torque BC gradually is

reduced, reaching zero at infinite speed. The current likewise

becomes smaller and smaller with increasing speed. Cos <^ (OA)

grows and approaches 1 asymtotically. The useful energy

AC grows at first as the speed goes up, and reaches a maxi-

mum when A is on the top of the circle and the angle <^ is

45 deg. (cos <^ = 0*705). Then the useful energy becomes

smaller again as the current drops.

The linear diagram (Fig. 32) has been drawn by taking the

different dimensions from Fig. 31. We have chosen the cur-

rents as abscissae.

Prominent points in these diagrams are: (1) The point of

starting ; (2) the point where the maximum electrical energy

is reached
; (3) the normal load whatever it may be. We

shall have to study these three conditions separately.

If we switch the full voltage on to a stationary motor, we

produce the starting condition as represented in the circle

diagram, when the point A falls into 0. Our ideal machine

has no drop in the armature, and therefore the latter does not

consume any voltage at the speed zero, no E.M.F. being induced.
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The whole voltage, therefore, is used up in the field winding.

The current produced by this voltage is a good measure of the

quality of the machine. If, for instance, at starting under

full voltage the current produced is twice that current which

the motor takes at normal load, then at normal current the

voltage on the field is one-half of the full voltage. In this

case the sine of the phase displacement of the current from

the voltage at full load (Figs. 27 and 30) is sin <^ = EJe= ^^

and consequently cos <^= -y/ 1 - sin^ <^= 0'868.

So we see that an ideal motor, with a short-circuit current

equal to twice the normal, has a power factor of 0-868. If,

Amperes. Short-circuit

Current.

Fia. 32.—LiNEAB Diagram of Ideal Series Motor.

generally speaking, the short-circuit current is b times normal,

then cos <tinorm.= a/I— 1/6".

As the torque is directly proportional to the square of the

current, a machine with a short-circuit current equal to h times the

normal has a starting torque equal to b^ times the torque of the

machine under normal conditions of load if under full voltage at

starting.

We must note that with increasing short-circuit current the

torque grows with the second power, so that the starting torque

per kilovolt-ampere input at starting is bigger the higher the

short-circuit current of the machine. If means are provided to
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reduce the voltage at the terminals of the motor at starting-

we can for a given torque reduce the starting current further

with a better motor.

The higher the short-circuit current the better the machine.

A motor, where the field winding keeps the current down when

it is stationary, will also suffer from the drop in the field under

full-load working.

We can easily conceive that the short-circuit current i^ fixes

the current scale of the diagram, OB = ij^. If we have calculated

this figure, or obtained it from tests, we can draw the circle,

and that fixes the current and power-factor curve of the whole

machine. But not only this, it fixes also the maximum watt

component of the current AC, which, as stated above, is

equivalent to the electrical energy, the voltage being constant.

The maximum AC is equal to the radius of the circle

—

i.e., one-

half of the short-circuit current—and, therefore, the maximum
overload capacity of an ideal series motor is equal to one-half of

the energy consumed at short-circuit.

A 500-volt machine, having, say, 100 amperes short-circuit

^1 500 X 100 00 1current, can srive out ^x—-—-—=d3i^H.P. asamaximum.

We can ask, further, what is the maximum overload capacity

of a 100 H.P. motor with a power factor of 0*85 1 The diagram

gives the reply to this question. We draw a semi-circle, and

AO under an angle, the cosine of which is 0-85. Then the

radius of the circle, compared with the vertical AC on OB,

gives the overload capacity. In our case the ratio of the

maximum to the normal output is 1-27. The diagram tells us

that if the power factor of the motor is given, the overload

capacity can be calculated. We can see from Fig. 31 that

0-5 0-5
Overload capacity =

sin </) . cos <^ cos <f). Ji- cos'-^ </>

Fig. 32, which is available for any motor, can be directly

used to solve such questions.

It remains to fix the scale for the speed in our diagram.

This can be done easily by considering (Fig. 31) the moment

of maximum output (A on the top of th^ circle). Then OA is
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equal to AB and E= El; therefore, A; = EJE:=1. Formulae

(8) and (9) furnish us with the result:

2 n Al armature

(AT = ampere-turns) and the sj)eed DF,
AT field

1 Ai armature
XTi,.

Speed at maximum output = synchronous speed x ''^ x leakage

^ . field ampere-turns
coeincient x •

armature ampere-turns

If the leakage coefficient is M, the ratio
^^^^ ampere-turns

armature amp.-turns
= 0-5. DF'is=^x I'l X 0-75 x synchronous speed= 1-30

X synchronous speed.

This settles the scale for the speed. Naturally, if one speed

for a certain output is known from calculation or test, the

scale is fixed through this.

The study of the ideal series motor has given us a general

idea of the working of the machine. It remains now to con-

sider the complications and difficulties attached to the real

motor.

7. The Self-induction of the Armature.

The armature current produces a magnetic flux, the main

portion of which passes through the pole shoe and twice through

the air-gap. With a direct-current machine the only effect of

Sn t

Fig. 35.—The Cross Flux. Fig. 34.

—

Leakage of End Connections.

this cross flux (Fig. 33) is the field distortion, with which we have

connected the presence of the torque in the machine. With

A.C.C.M. D
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an alternating-current motor this flux is an alternating one,

inducing an E.M.F. in the conductors which it surrounds—in

our case the armature conductors themselves. Besides, the flux

passing through the pole shoe, some lines do not reach the

latter at all. They close along the air space, or only across the

slots. Others surround the end portion of the armature coils,

having their paths entirely in the air (Fig. 34), or using partly

the surrounding iron, shaft, end bells, bearings, &c. As a

rule, about 85 to 90 per cent, of the cross flux passes through

the pole shoe in the regular way, finding here the shortest path

in the biggest section—provided the teeth are not very highly

saturated by the main flux, which increases the reluctance of

the path very much. Setting aside saturation for a moment,

and taking the conductors as uniformly distributed over the

circumference of the armature, then at a distance x (Fig. 35)

Irom the centre of the pole the maximum flux density is

B.= V 2 . TT l^.S

10
^^ A

r ^
j

1
1

/^ 1^

ohoilo OjOOO O oio 6 {}) OOIO

1 \^ b H [

k —t— ^ >)

Fig. 35.

A= air-gap, including an allowance for the opening of the

slots, which makes the air-gap appear larger.

The E.M.F. induced in the ^ x— = «« x - conductors by the
Ji t t

flux passing at x is E,= ^2".7rXs^X^XVxB,x^a; x ?x 10"^

volts.

Z=length of armature in pole in axial direction, and the

total E.M.F. of self-induction in the armature

E -2 — .
-^

.

^
I /a~r'2 (9t 10-«

^La= ~Q . lO-^Xs\xIaXVX(bltyX^-^. . . (11)
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and the wattless power consumed in the armature is

The ratio pole width/pole pitch= &/^ is of the order 0-85 -

0*89 with this class of motor. The expression 2.X/b.l is the re-

luctance of the air path for the main flux, which wo called R.

Putting aside the magnetic resistance of the iron, we have the

same reluctance E governing PLt^as well as Pl^.

Pl/=7-8x&^'xvx10-«,

PWPl/= (1/47-5) X (I„ . sjl, . Zffx{hltf.

Since in the series motor I„ = ly,

Pl./Pl/=(1/47-5) X {sjz.fxm^

or, by introducing the ratio of ampere-turns,

Pl^ - 1 /3 y /" a-rmature ampere-turns \^ / pole width\^ /,2^

Pl/ \ field ampere-turns / \pole pitch/

This ratio is independent of the number of poles. So we

see that we can expr'ess the wattless energy consumed in the

armature as a percentage of the wattless energy consumed in the

field.

The armature ampere-turns may be 140 per cent, of the

field ampere-turns, corresponding to a power factor of 79

when it revolves at twice synchronous speed. If, further, the

pole width is 90 per cent, of the pole pitch, the inductive drop

in the armature is 53 per cent, of that in the field winding.

This ratio is not influenced by the fringe of the lines at the

pole corners (Fig. 36), the spreading affecting field and arma-

ture flux in the same way. Also the reluctance of saturated

D2
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teeth, which can only approximately be taken into account,

affects both in the same direction, though not exactly in the

same degree.

We may assume, when using formula 12, that the leakage

lines of the field (coeflBcient c) practically compensate for the

lines sent across slots and end connectors by the armature

ampere-turns.

For practical purposes our formula 12 gives quite good

results.

We can easily sec that the influence of the armature self-

induction is the same as if it were in the field, or as if

the leakage coefficient c of the field was larger. If the ratio

inductive drop in armature • ^ ^o • a.x, ^ - i.—:—

;

-. T r- IS 0'53, as in the example lust
mductive drop in field

calculated, and the leakage coefficient is 1*1, all the formulae

we developed for the ideal motor, as well as the diagram, will

hold good, provided we count c = 1-53 x 1-1 = 1*69.

Fig. 37.—Motor with Gap in Middle of Pole.

As the ratio of armature self-induction to field self-induction

is fixed, it is evident that the former, just as the latter, is re-

duced proportionately if we increase the number of poles.

Special designs have, however, been got out to reduce the

self-induction of the armature. The simplest way for reducing

the cross flux seems to be the introduction of an air-gap in the

middle of a pole (Fig. 37). This almost halves the self-induc-

tion of the armature provided the gap is big enough.

More efTectual is the use of a compensating winding embedded

in slots on the face of the poles. This winding carries the

main current, and is so dimensioned that it has practically the

same ampere-turns as the armature itself, but acts in the oppo-

site direction, and thus stops the cross flux to a very great
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extent {see Figs. 38 and 39). What cannot be stopped by the

compensating ampere-turns is the magnetic leakage across the

armature slots and the ends of the armature windino'. Ino
fact, this flux will ba doubled, because the newly added com-

' Main Field
Winding

Compensating \^ >/
Winding

Fig. 38.

—

Series Motor with Compensating Winding.

—-^^ Magnetisation of

. -<^^^Compensating Winding

'Magnetisation of Armature Winding

Fig. 39.

pensating winding has its own leakage across the slots where it

is embedded and round the coil ends. About 75 per cent, of

the cross flux can be nullified by the method described.

The armature inductive energy, which for AT,,/ATy=: 1-40

amounted to 53 per cent, of the inductive field energy, would

be reduced to ibout 0-25x53= 13 per cent, of the latter.

We see that the self-induction of the armature winding plus

compensating winding is practically almost negligible when

compared with the self-induction of the field winding proper.

The method described last is very good, but it is rather ex-

pensive, as we have to provide a winding in the poles carrying

as many ampere-turns as in the armature and containing more

copper than the main field winding.
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It may strike one that when the compensating winding is

present the armature reaction cannot lift the curtain of lines

to produce the torque, but this is only apparently so, as each

line receives a sharp twist when passing into the armature

through the sphere of action of the armature conductors.

(Figs. 40 and 40a.)

/rjCompenoating

'\rt Condactor

\ Armature
/Conductor

I

Line of Force with
Compensation.

Fig. 40.

Armature
Conductor

Liine of Force without
Compensation.

Fig. 40a.

Instead of sending the main current through the compensat-

ing winding, use can be made of the fact that the cross tiux

is an alternating one. If the compensating winding is simply

short-circuited in itself (Fig. 41) the cross flux produces a

current in it which is opposing

the armature current and re-

duces the cross flux itself. This

means, naturally, is not quite

so effective as the last method,

as the compensating ampere-

turns cannot be exactly equal

to the armature ampere-turns.

The latter must be so much

bigger as to make a certain

amount of cross flux pass for

maintaining the current in the

compensating winding. We
may say that only about 50 or

60 per cent, of the cross flux

can be compensated in this

fashion. If this is considered sufficient, the method off'ers

some advantage, as the number of turns is independent of

the main current, and instead of a proper winding with several

Fig. 41.

—

Compensating Wind-
ing Shoet-circuited.

Fig. ai
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turns, each slot need only contain a solid copper rod connected

to a similar one in the neighbouring pole. Fig. 42 shows this

arrangement in diagrammatic form, when looking down at the

face of the pole.

8. The Commutation.

With direct-current and alternating-current commutator

motors the commutation takes place in the neutral zone

—

i.e,^

when the two active sides of a coil {a and h) are in the interpolar

space. The current passing from the brush into a commutator

segment splits itself when entering the armature into two

branches, the direction of the current in the coils of each

branch being opposite to one another. Thus in Figs. 43 and 44

the current direction of the coils to the ri^ht of the brush

^wrfM'

Fig. 43. Fig. 44.

is clockwise, that of the coil at the left-hand side inverse,

so that the former coils under a north pole and the latter

under a south pole produce a torque in the same direction.

When the armature revolves counter clockwise the coils at the

right-hand side pass to the left of the brush, and in passing

the brush the current is reversed

—

i.e., they undergo com-

mutation. This process of commutation consists of short-

circuiting the coil, the brush touching for a short time two

commutator segments, and of releasing the short-circuit when

the brush slips off a segment, at the same time embodying the

coil into the winding branch carrying reversed current. With

a direct-current machine the well-known difficulty arises that

during the short time of the coil being under short-circuit the

process of commutation has not been finished, and that a spark
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ensues when the coil is being opened. It is a well-known fact

that we can speak of a ''process of commutation," the current

in one direction not being reduced to zero at the very

moment of short-circuit, the current in the other direction

not necessarily establishing itself at the moment of releasing

the short-circuit. If we try to commutate too quickly the

current lengthens the commutation by means of a spark.

The reason for this reluctance to change is that every con-

ductor carrying current produces a magnetic field which— if

we make the current disappear—must disappear together

with it and, in doing so, induces in the conductor itself

an E.M.F. tending to keep the current flowing in the once

established direction and at the old value. This E.M.F. of

reactance is the greater the quicker the current alters. If,

for instance, we let the current change its direction in in-

finitely short time the reactance would be infinite. The time

of short-circuiting

—

i.e., the time of commutation—is longer

the smaller the number of commutator bars and the broader

the brush in tangential direction. The time of commutation
" required " is larger the higher the reactance of the short-cir-

cuited coil and the higher the current. Apparently we ought to

be able to meet most requirements as to time of commutation if

we could only make the brush thick enough, but if we increase

the brush thickness beyond that of one segment it will short-

circuit more than one coil at a time. If the brush were very

broad indeed all coils in the interpolar space might be short-

circuited, including a few right under the pole, having E.M.F.s

induced in them. This would naturally lead to the production

of current circulating in the coils and loading up the brush

itself with idle current. So we see that the brush thickness is

limited by the breadth of the interpolar space. On the other

hand, if the brush is very thick several processes of commuta-

tion take place at the same time and influence one another

unfavourably. Generally speaking, it is best to keep the

brush thin, as long as the carrying capacity of the contact

surface is sufficient for the current. Another means of check-

ing the delay in commutation caused by the reactance is the

use of hard carbon brushes, the contact resistance of which is
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very high. The latter would not only use up the energy of

the reactance field becoming free in the shore-circuit, it would

also have a more or less governing influence on the distribution

of the current when leaving the brush. Fig. 44, p. 39, shows

two segments moving to the left under the brush. Through

the movement the area of brush contact for segment 2

diminishes more and more, half the current which was pass-

ing straight from the brush to segment 2 gradually finding less

resistance in passing to 1, flowing through the coil under com-

mutation in the desired direction.

If we know the reactance of the coil we can take a fictive

, ,, 1 , reactance field
average reactance voltage equal to -: -. -.— as a

time 01 commutation
measure for the tendency to spark. The reactance field is

proportional to the current in the coil and inversely propor-

tional to the magnetic reluctance. The latter is lower the

greater the portion of the coil embedded in the iron and is also

slightly influenced by the free coil ends. As the latter effect

is generally small we can put

Reactance field = constant x core width x current.

The constant is dependent on the form of the slot where the

coils lie, but does not vary very much with the slots now in

general practical use. The time of commutation is smaller the

higher the speed and the higher the number of commutator

bars. So we obtain a formula for the reactance voltage

6^= Constant x revs, per min. x commutator bars m x cur-

rent per coil i X (turns per coil)"^ x core width ; or

e^ = Constant xnxmxix (sJ'^^Y x I ; zJ27n = tv.

It is not necessary to obtain this voltage in " volts," as we

must bear in mind that the voltage does not actually exist, it

being partly used up by producing a current. At any rate,

the product [nxmxixio'-] = Cj, (13)

aflfords a means of judging the sparking conditions of a machine,

and actual experience has taught us the limits we have to

keep for obtaining satisfactory commutation. The coeffi-

cient is about 2*5 to 3 x 10** for machines where the brushes

must remain in the neutral position

—

i.e., in such a position

that the direction of rotation does not afi"ect the sparking in
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any way. The constant 2*5 to 3x10^ refers to direct current

only. For alternating currents we should have to introduce

the maximum of the current into the formula, or, introducing

the root mean square of the current, to reduce the permissible

value in the ratio 1 : J2—i.e., so that the constant becomes

1*8 to 2*2 X 101 On account of other conditions (circulating cur-

rent, as we shall see presently) which make the commutation

worse, we ought to choose the constant not higher than 2 x 10^.

Now, it is a well-known fact that the neutral position of

the brushes with direct-current machines is not the most

favourable. With a motor the commutation is better if the

brushes have a backward lead. This has the effect of making

the brushes follow the shifting backwards of the actual neutral

zone, due to the armature reaction (section 1) ; it also lets

the commutation take place when the short-circuited coil is

under the trailing-pole corner. An E.M.F. is then induced in

the coil during short-circuit, which has the direction of the

counter E.M.F. of the armature winding (opposite to that of the

Fia. 45.

current in Fig. 44), and therefore is reversing the current in

the coil under commutation. In a reversible motor, brush shift-

ing from the neutral is almost excluded, and cannot be easily

applied to alternating-current motors, which are, as a rule,

required to be reversible. On the other hand, if we shift

the brushes backward the armature ampere-turns not only

exercise a cross-magnetising, but also a demagnetising, influence.

They would counteract the field ampere-turns, and therefore

a larger number of the latter would be required to create

a certain flux. This is a more serious matter with alternating-

current machines than with direct-current ones, as the armature

ampere-turns are far greater in proportion to the field ampere-

turns than in the latter. A glance at Fig. 45 tells us
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that the leakage of the field will be considerably increased,

and, therefore, the power factor would suffer. If, for instance,

the ratio of field ampere-turns to armature ampere-turns were

6, a brush shifting to such an extent that the commutated

coil is under the pole corner would involve 30 to 40 per cent,

more field ampere-turns, the span of the armature coils being

assumed equal to full pole pitch. With a non-compensated

machine, brush shifting would make little improvement in

sparking, because the comparatively high armature ampere-

turns, by their strong demagnetising power at the exact place

in the field where the commutation goes on, would actually

reverse the direction of the field at this place, so that we
should not obtain the expected benefit from the brush shifting.

Further, it is clear that, in actual practice, a shifting of brushes

together with the compensating winding would be a matter of

great difficulty. These are the reasons why brush shifting is

out of the question with a plain series motor.

Fig. 46.

With direct-current machines auxiliary poles are in use,

which are placed between the main poles and are excited by the

main current in series with the armature winding (Fig. 46)

Their effect is similar to that of the trailing pole-tip under

which the brushes are shifted, in order to facilitate commuta-

tion by means of the flux of the main pole. The auxiliary pole

produces such a flux, but with the advantages (1) that the

brushes can remain in the neutral position, the flux being now

shifted to the brushes, whereby reversibility is ensured
; (2)

that the commutating flux increases proportionately as the

current increases. Actually, the winding on the commutating

poles it nothing but a continuation of the compensating wind-

ing, except that it contains a few more turns than the remain-
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ing single coils, so that many firms are providing for this pole

with an alternating-current commutator motor.

It is very easy to apply formula (13) for the reactance

voltage if all the required data are given, but for application

in a more general way we will put it into a different form,

combining it with the formula for the E.M.F. of the armature.

Taking a series-wound armature as basis, we have

E = s, x^ X ^^ X N X 10-« volts.

Combined with formula (13) we find, after some transformation.

Total flux from all poles together

i^ >< Nj„ax. = 1*12 X lO^'^x horse-power xz(;x/. . (14)

Formula (14) is in words :

—

The minimum total Jinx a machine must work loith so as to run

sparJdessly is proportional to the horse-power, the number of turns

per section, and to the width of the armature.

With larger machines the number of turns per section w is

1, so for these we can put

Flux per centimetre core width

=i^.N^ax-./^ = 1-1 2 XIO^^X horse-power. . . (15)

Taking the commutator diameter as large as possible, so as to

reduce the number of turns per section to a minimum, say,

commutator diameter = 0-85 x armature diameter, and applying

as high a number of commutator bars as practicable, we can put

^ XT 4. , /H.P. ,
——

-

/ lensfth of armature
X'xJN = constantx^/ xi/ volts x y^f —~^

V revs. V diameter of armature'

In this general form the formula will do good service in form-

ing a general idea of the amount of flux required without our

knowing anything but horse-power, speed, voltage and approxi-

mately the ratio of length to diameter of armature, a figure

varying between 0*5 and 0'9, the square root of this figure

being 0-7 to 0-95.

9. The Circulating Currents in the Short-circuited Coil.

Looking at Fig. 47 we notice that the coil, short-circuited by

the brush, though entirely out of the range of the poles, is under

the inductive influence of the whole of the flux issuing from
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the pole. The coil under short-circuit actually surrounds the

flux entering the armature, and in our case this flux being an

alternating one, induces an E.M.F., and, consequently, a cur-

rent in this coil. If the short-circuit was perfect and the

resistance and self-induction of the coil and the resistance of

the brush contact very small, this '' circulating current

"

would be extremely heavy. It would not only be sufficient to

cause considerable ohmic loss, but would also load up the

contact surface of the brush, in most cases up to the glowing

point ; and, besides, its demagnetising action on the field itself

would be seriously felt. If there was practically no leakage and

resistance, the current in the single armature coil would assume

Resistance Lugs

such a value that it would almost neutralise the action of

the field coils and prevent any flux from passing through

the armature. The amount of current flowing in the coil

might, under these conditions, be more than ten times the

current it is supposed to carry ordinarily. The effect on the

brushes would not only be glowing but also sparking, due to

the circuit being broken. W"e see, therefore, that this current

must be checked. It must be reduced to a reasonable amount,

say less than normal current, to prevent any of its bad effects.

The most natural way to do this is the introduction of ohmic

resistance in the circuit formed by the brush, commutator
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segments, and the connection between both

—

i.e., the com-

mutator lugs or connectors, as they are generally called

(Figs. 47, 47a and 48). These connections are generally

used as a resistance, either by having a great length or by
being made out of a metal of low conductivity. It

would be undesirable to give the coils or the brush a

higher resistance than we can help, as these parts have to

carry continually the main current. The lugs are particularly

suited for serving as resistance, as they have to carry the main

current only for a very short time, when the brushes are in

contact with their commutator segments ; otherwise they are

idle. Naturally, even in this favourable case, the reduction of

the circulating current must be bought by a certain amount of

loss, for a high resistance giving a very small circulating

current indeed will also cause quite an appreciable loss, due to

its carrying the main current. A simple calculation will give

Brush

rafSZTutator
J^ Brush

Fig. 48.

US an idea of these relations. We will call the voltage induced

in the coil under commutation by the alternations of the main

field c, the resistance of each connector s, and assume that 9 is

so big that the resistance of the main coil is practically negli-

gible compared with it. In s shall be included the average

contact resistance the current finds when passing from the

brush to the segment, due account being taken—as far as

possible—of the contact resistance being smaller the higher

the current density.

It is evident that the self-induction of the coil which might

reduce the current and cause phase displacement is compara-

tively small, the current of the coil being more than 10 times

the normal* if s is zero. We will assume that the brush had

* Thinking of an alternator with a short-circuit current equal to 10

times the normal current, one will understand this statement.
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the exact width of one segment (Fig. 49), thus short-circuiting

only one coil at a time. The circulating current would then

be ic = €/2s, and would cause a loss, Pc = €72?, in the lugs under

one brush, or p^-=€^/s for a pair of (plus and minus) brushes.

The main current I flowing through the lugs in parallel causes

the loss p^= P X ? X 2 = P X s per set of brushes. Therefore,

the total loss in the lugs through circulating and main current

s

A simple differentiation shows that the total loss is the

smallest if p^ and p,^ are equal

—

i.e., if €7?=P . 5 ; Smm.= €/Ii

and the circulating current % equal to the main current.

^

T̂T
Fig. 49.

If the brush width is equal to that of two commutator

segments, it short-circuits mostly two coils at a time ; then

^c = 4 . - per pair of brushes,
s

|?^ = | . P . 9 per pair of brushes.

The minimum of the total loss is reached if Pc=Vm or

4.^=|.P.s; that is, W= 2-45.'j,

(?o+i^Jmin =3-25 X € X I ; ieirc.
= 0-41 X I.

For a brush, short-circuiting x coils, we find

Pc^X^. c7sj

and the condition for the minimum of loss

2*82 I



48 ALTERNATING CURRENT COMMUTATOR MOTORS.

The greater the number of segments covered by the brush the greater

the losses in the lugs, the higher the reslntance of the lugs must be

and the smaller the circulating current compared with the main

current.

These calculations are naturally only approximate, the dis-

tribution of the main current over the segments being made

non-uniform by the commutation process itself, the current

tending to pass chiefly through the segment about to leave

the brush. But the high lug resistance itself counteracts this

tendency and makes our assumption of uniform distribution

more correct.

We have found in a general way the condition for making

the losses in the lugs as small as possible. Naturally this

minimum does not entirely settle the amount of lug and brush

resistance ; other considerations come in as well—for instance,

mechanical ones and the current density in the brush. The

latter will be satisfactory since, with the brush covering three or

two segments, the circulating current is only 35 to 41 percent,

of the main current, if we comply with the condition for the

minimum losses. We can, however, make the resistance

somewhat larger or smaller, as the losses up to a certain point

change only very slowly provided that we do not depart too

far from s^j^ If s^^ 1-75 x Smin. the circulating current is only

about 20 to 23 per cent, of the main current, and the losses

are only 15 per cent, more than the theoretical minimum.

This will be seen from Fig. 50, representing the losses and the

^^^i^
circulating current

j^^ ^jg.^^^^^ j^^ resistances, the
main current

brushes being taken as covering two segments.

We can easily form an idea of the loss in the resistance

lugs expressed as a percentage of the useful electrical energy,

the latter being P = E x I. With a parallel armature and two

commutator segments covered by the brush

fe+i?Jmin.= 3-25 X e X I = 3-25 X P X ^.

This formula holds good w^hatever the number of poles and

number of sets of brushes, as, by introducing I, the total cur-

rent, the number of brush sets has been taken account of.
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To find the ratio between e and the E.M.F. E of the arma-

ture we put {see formula 2)

1 n
E= -;^X«„Xg^xN„ax.xlO-«.

m = number of commutator segments,

Sa/'2m = number of turns per coil.

1 «? J .. i Actual Losses
| /

^ M nimum
1

Losses/'

1-0 \

0-8

0-6 S n rcu\P

^
Total Current

o-i
R

'

^X
0-2

"^
.^^

1

-

0-2 0-4 0-6 0-8 1-0 1-2 1-4 1-6 1-8 2-J

Resistance of Lugs.

FiQ. 50.

—

Losses in Resistance Lugs.

The E.M.F. induced by the main flux into the sj^m turns

of an armature coil is

e= 4-44 X :^ X i; X N^„,. X 10-s
2m

and consequently

*-**^l^^]|)^-?'^^--^i""

E 2 m n

or, if the brushes cover two segments,

Loss in resistance lugs 5 ^^ w„

TT c I

"2^ = - x-'xp
Useful energy m n

_ 5 X number of poles synchronous speed ,,«.

number of commutator segments normal speed
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This formula enables us to estimate the losses in the resistance

lugs and brushes, if only speed, number of poles, frequency and -

number of segments are given. A motor for 15 cycles, four poles

(synchronous speed 300 revs, per min.), 750 revolutions and

400 commutator segments has a minimum loss in the resistance

lugs and brushes equal to -£^q x |^JJ x 100 = 3 per cent, of the

useful energy of the machine. The condition for the minimum

loss was equality of losses due to equalising current and main

current. The main current, therefore, must cause IJ per cent,

loss ; in other words, the drop in voltage over brush and resis-

tance must be about 1| per cent, of the voltage in the arma-

ture. If the latter is 200 volts, and we have selected brushes

giving 2x1 volts=:2 volts over the brushes, the drop over the

resistance ought to be [-^^^ x 200] -2 = 1 volt. Allowing for

the resistance being higher than required for the minimum,

the total loss will go up to about 3J per cent, and the drop in

the lugs alone to about 2 volts. If the machine has approxi-

mately 80 per cent, efficiency, the losses in the lugs will affect

the efficiency 3J x 0-80 = 2f per cent. With 200 commu-

tator segments (smaller machines) the loss would be double.

A fact which we can derive from this example is that the

resistance in the brush contact is very nearly sufficient to keep

the circulating current down to a moderate amount. In fact,

if the voltage of the motor is kept low enough, and a carbon

brush is selected having high contact resistance, the resistance

lugs can be dispensed with altogether. Though through this

expedient the size of the commutator becomes rather large,

it has been applied in actual practice with quite large machines

for traction work. It is certainly desirable not to use resis-

tance lugs as far as th6 starting of the motor is concerned.

The resistance lugs are being designed for intermittent use at

full load when they have to carry current only as long as the

brushes touch their respective segments. Therefore, there is

some danger of their burning out when the motor is stationary

or moving slowly.

A given machine, say, for 25 cycles, having its resistance

lugs adjusted to give the minimum loss has, as we found,

a circulating current approximately equal to the normal cur-



THE CIRCULATING CURRENTS. 51

rent. If we were to increase the frequency to 50, the circulat-

ing current would double rhu!}S^- or c doubled and the machine

would spark. The resistance ought to have a different value

for each frequency. In the example we just calculated for

15 periods the mioimum loss in the resistance would be 6 to

7 per cent, at 30 periods instead of 3 to 3J per cent, at 15.

Hi(jh frequency^ therefore^ affects the effldency unfavourably as well

as the power factor.

For approximate estimating it is desirable to eliminate con-

struction details, in our case the number of commutator seg-

ments, out of formula (16).
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—

Losses in Lugs and Cabbons at Synchronous Speed.

This can be done by going into the design in a general way,

determining the armature diameter from the output, and

assuming the commutator diameter to bo as large, and the

number of commutator segments as high, as practicable.

Plotting the loss in the lugs and brushes for the ratio

synchronous speedy
^^ we obtain approximate curves (Fig. 51),

running speed

E2
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giving the loss in the lugs as the percentage of the output. These

c i. r. li.- T J v <ti, 4.- synchronous speed
figures are to be multiplied by the ratio ^

.^
*-^

normal speed

Our formulae, developed for macliines with parallel arma-

tures, must be slightly modified and correctly interpreted for

series armatures. A simple comparison will clear up this

question.

We shall take the brush width equal to that of one segment

only. Then, with a parallel armature,

{Pc-\-Pm)mm. = 2.6X1; 9„,in. == j X"^.

With series armatures we can reduce the number of brush sets

down to a single pair. In this case we have

Pc= j- ' -; Pm= ^-
' ^^

(Pc,+Pm)mm. = I X e' X p j S,ni„.=| X
];•

Apparently the loss in the lugs of a series armature cannot be

kept so small as with a parallel one, but bearing in mind that

with a parallel armature we have j?/2 times the number of con-

ductors than in the equivalent series armature, and therefore

if the motor is otherwise the same e' = 2 . e/^?, and for series

armatures with two brush sets and parallel armatures alike

fe^c+i?>«)min. = 2xlxe.

The ratio — for series armatures becomes
ill

- =— X -^ ; and for brush width = two segments :

h m n

loss in resistance luojs 5 w^
^-j ^=— X -" X ^.

useful energy m n

Making the number of brushes equal to the number of poles

with the series armature, we have

-j^o:

(fc+Pm)min.'=l'>«-'XP;

Pm = 2 .P!
V

5min.
I xf
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When developing these formulae for the series armature

we assumed that there was some resistance or inductance

between the brushes of equal polarity so that only a small

current could flow from one to the other. If this is not

the case the losses will be higher, with four and six polar

machines about 25 to 80 per cent.

If the resistance is not altered

—

i.e., increased with the

number of the brushes—and it has once been adjusted to give

the minimum losses with two brush sets, then the putting

down of more brushes increases the losses in the resistance

connectors.

To show how the character of the current in the coil under

commutation is affected by the circulating current, we draw an

ordinary commutation curve for direct current (Fig. 52). Up

Fig. 52. Fig. 53.

to the moment when the coil is short-circuited the current

has the value +1'; when it is leaving the short-circuit the

current is reversed to - I''.

Without the effect of self-induction the change would follow

a linear law (A) ; through the delaying influence of the re-

actance, however, the current will be deformed into B. The

time of commutation being very short generally, compared with

the time of one period of the alternating current, I" is practi-

cally equal to I' (Fig. 53). It is actually slightly larger for the

rising half of a half-period and slightly smaller.for the dropping

half. The circulating current, being, due ta a voltage induced
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by the main flux, is zero when the main current is a maximum
(2, Fig. 54), and, therefore, does not interfere with the com-

mutation of the maximum of this current. It is opposing the

initial armature current when the latter rises (1-2) and help-

Mam Flux

/ j \ Circulating Carr«at
/ 1 \V •

, X«~X -'^^'^^""'^CirculaUng Current

/ /.?t!^.^M / \ ^^hifUd ArtificiaUy

ing the initial armature current when it falls (2 — 3). In Fig. 55,

drawn for the period 1— 2, B is the original commutation

curve, C the circulating current, and D the total current re-

sulting from both. Fig. 56 shows the corresponding curve

for the period 2—3. We see that during the falling of the

current the commutation is more difficult than during rising

;

Fig. 55. Fig. 56.

in the latter case the circulating current flows in the direc-

tion of the current which we wish to produce in the short-

circuited coil. The correctness of our investigation, especially

the relative direction of the currents, can be easily verified by
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looking at Fig. 57, direction of rotation and current having

been found by applying the curtain rule. We have to re-

member that the circulating current magnetises when the flux

tries to disappear (direction of i^^,^, being the same as that of if).

Fig. 57.

The fact that during the period 1— 2 the circulating current

tends to improve the commutation prompts us to artificially

lengthen this period and thus make the otherwise harmful

circulating currents do useful service. The circulating current

must for this purpose have a component in phase with, but

opposite to, the armature current. The circulating current is

thus shifted into the dotted position in Fig. 54. This can be

achieved by placing an inductive branch (choking coil) across

Fig. 59.

the armature terminals. This causes a current, %, to flow in

the field besides the armature current, thus shifting the field

current, and with it the main flux and the circulating. current,

in the desired direction (Figs. 58 and 59).
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The same object is attained b}'^ placing a non-inductive

resistance in parallel with the field winding, in this case the

armature current composed of if and % being shifted as

intended (Figs. 60 and 61).

It is evident that the method is not perfect, the bulk

of the circulating current remaining in quarter-phase with

the main current, thus being partly beneficial, partly harm-

ful. On the other hand, the form of curve B depends on the

time of commutation

—

i.e., on the speed—whilst C is almost

independent of it, and therefore the commutation can be made
good to some extent at a certain speed only. The advantage

obtained must be bought by either making the machine worse

through the self-induction in parallel with the armature or by
the reduction in efficiency through the watts consumed in the

resistance across the field terminals, though this amounts to

only about 2 per cent.

There is one item that helps the effect of both these expe-

dients—ie., the hysteresis, which makes the main flux lag

somewhat behind the exciting current, and in this way shifts

the phase of the circulating current in the right direction.

The hysteresis lag amounts to lOdeg. or 15 deg. Also the

self-induction of the short-circuited coil—which is, however,

as pointed out, only small compared with the resistance, the

latter being large to check the absolute value of the circulating

current—tends to shift the phase of Zpirc. so that it helps

commutation. We shall have to deal with this subject again

when considering the Winter-Eichberg motor and others.
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Another method of checking the circulating current, besides

that of using resistance, is to interrupt the circuit. There are

two distinct but identical armature windings without any elec-

trical connection, every commutator segment of one winding

being sandwiched between two of the others (Fig. 62). If,

futhermore, the brush is not broader than one segment it can-

not short-circuit a coil. The current branches from the brush

into the Uyo windings in parallel. With this method the

great trouble arises that an equalising current may flow from

one winding over the brushes into the other winding. It is

practically impossible to arrange on a core two windings so

that there is absolutely no difference of electrical potential

between them. If the latter exists, and we connect the windings

Fig. 62.

by the brushes, heavy currents pass (the windings being nearly

bi filar and having small self-induction) and sparking and pit-

ting of the commutator ensues. This method has, therefore,

found practically no application.

Ihere are altogether three ways of checking an undesirable

current : (1) Introducing a resistance, inductive or non-induc-

tive. The former, however, is out of the question in our case

on account of the sparking caused by reactance. (2) Inter-

rupting the circuit. Both these have been dealt with. (3)

Introducing an E. M.F. of such a value that the E.M.F., tend-

ing to produce the undesirable current, is counterbalanced.
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The latter method would be ideal, but to induce an E.M.F.

equal to that induced by the main flux would mean applying

a flux of the same magnitude, and this is impossible, because

we should not get any torque with two equal and opposite

fluxes. Thera is, however, one solution to this question. We
can put an auxiliary flux, N2, at right angles to the main flux

Nj, so that the conductors in the short-circuited coil cut the

lines of Ng when moving (Fig. 63). The E.M.F. induced in this

way can be made equal and opposite to that producing the cir-

culating current under certain conditions. It will be easily

realised that one of these conditions is a phase displacement

of 90 deg. between Nj and N2, Ni inducing by change of in-

tensity, its eff'ect being zero when it passes over its maximum,

N2 inducing by its lines being cut, and, therefore, its effect

being at its height when N2 has reached the highest value.

There can exist only one speed at which the E.M.F. induced

by cutting Ng is equal to that induced by the fluctuation of N
at a certain fixed frequency. The conditions are fulfilled in

the Winter-Eichberg-Latour machine, which we shall deal with

in a special chapter, but also with the plain series motor an

auxiliary flux, N2, in the neutral zone has been made use of for

damping the circulating currents, at least at one speed. A
special winding, W« (Fig. 64), has been placed on the com-

mutating pole besides the ordinary series commutating coil

(y^k\ W« being excited from the main voltage or a voltage

proportional to it. Sometimes the armature, or some mixed

voltage, is used for excitation in order to correct the phase of

the flux N5S produced by W^. If the power factor were unity,

an excitation from the total voltage would be correct, because

then there would be 90 deg. phase displacement, as required,

between Ng and Ni, the latter being created by the main cur-

rent. As the power factor is actually smaller than 1, W^ might

with advantage be excited from the armature terminals only,

their voltage being more nearly in phase with the current.

Some provision has to be made to counteract the mutual in-

duction between W^ and W,„ either by inserting a choking

coil in W^ or by placing W^ and W;^ in diff"erent slots (Fig. 65),

or some similar arrangement.
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A similar effect can be attained by placing a resistance, R,

in parallel with the compensating winding (Fig. 66), Avhich

gives the current in this winding a component, % (Fig. 67),

shifted 90 deg. against i, and producing a flux component, Ng,

in the desired phase. The energy consumption is not very

large, say, about 2 per cent,

only. Instead of a resistance

in parallel with W^ a choking

coil in parallel with the arma-

ture may be used.

tiQrz
Fig. 64. Fig. 65.

^N,

Fig. 67.

10. The Core Loss.

It is not our intention to go into the very complex

question of the calculation of core loss generally, to study

the influence of eddy currents, its dependency on filing

the slots of the machine and other causes, which tend to

increase the core losses in any machine, alternator, induction

motor or direct-current generator. We take it to be a well-

known fact that we cannot obtain exact results if we are to
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calculate the core loss, using a hysteresis curve, determined

experimentally from a sample of the iron. The actual losses

come out to be double, and even three or four times, as much
as found by simply multiplying the volume of the iron by

the loss per unit at the working density taken from the

above-mentioned curve. It is only the special behaviour of

the alternating-current motor with regard to core loss

we wish to point out. In • the stationary part the flux

changes at the well-known periodicity and the losses can be

calculated just as for the stator of an induction motor. There

are losses in the pole face due to the armature reaction sending

the flux through it and increasing the density at certain places,

at others weakening it. If the machine is compensated, this

flux from the armature will disappear, but in place of it quite

an appreciable leakage flux around the slots, which carry the

compensating winding, will establish itself and increase the

J
Fig. 68.

losses. If the slots of the armature are very wide compared

with the air-gap, hysteresis losses and a small amount of eddy

currents will be produced in the pole face, due to the move-

ment of the armature teeth from which the flux issues. This

loss aff'ects only a small zone where the flux is not uniform ; it

penetrates the pole to an extent somewhere near a quarter of

the slot width (Fig. 68).

The peculiar character of the hysteresis in the armature is

caused by the flux having an alternating character to start

with, and at the same time the iron revolving relative to it.

The hysteresis loss, say in a tooth of the armature, is

dependent only on the number of cycles of magnetisation it

passes through and on the maximum density obtained. The

difficulty lies in the fact that neither one nor the other is

strictly defined. Supposing a motor runs at half its syn-

chronous speed, and consider a certain tooth which is exactly in
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the neutral position (Fig. 69) between two poles at the moment

when the flux is zero ; whilst the flux is rising to its maximum

value the tooth moves a quarter of the pole pitch. During the

Fig. 69.

Fig. 70.

Fig. 71. Fig. 72.

following quarter of the cycle the flux falls to zero whilst the

tooth comes to the centre of the pole, &c., as indicated in curve I,

We see that the tooth in question would beFigs. 70 and 71.
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magnetised and demagnetised at the same frequency as the cur-

rent. Another tooth, say one which is in the centre of the pole at

the moment when the flux is zero, will be in the neutral position

when the flux is zero again. Then the magnetisation changes

its sign, whilst the tooth is moving into the sphere of the fol-

lowing pole. Through this double change the tooth receives

again a magnetisation in the same direction, so that two half-

loops of hysteresis are formed instead of a complete loop, as

with the tooth considered first (curve II, Figs. 70 and 72). If

we were to investigate the process of magnetisation for different

points of the teeth, or of the armature core proper, we should

find that the character of the cycles of magnetisation which the

different parts of the core have to undergo differ vastly from one

another. They change with the speed, and the law which the

losses follow being different for hysteresis and eddy currents is

not simple to determine, as is apparent from this brief investi-

gation. To come to a practical result we shall make use of a

method largely applied to single-phase induction motors.

An alternating magnetic field is defined by its change of

intensity, the locality always remaining the same. This dis-

tinguishes it from a regular revolving field, which remains con-

stant in intensity but revolves at a constant velocity. An
alternating field can be replaced by two revolving fields

rotating synchronously in opposite directions, both equal in

strength, the latter being half that of the original alternating

field. This resolution of the alternating into two revolving

fields is correct only if the flux distribution of the former is

sinusoidal, and, further, it is correct only if we wish to study

inductive effects. The first of these conditions is not fulfilled

in our case, but by introducing a correction we may put up with

this inaccuracy. The inductive effect in our case is repre-

sented by the eddy current loss which, as pointed out, is larger

than the hysteresis loss in practice, and we might, therefore,

consider the whole of the core loss as following the same law

as that of the eddy currents. Actually the hysteresis is pro-

portional to the frequency and to (density) ^'^, the eddy currents

to the (frequency)^ and (density)-, but as a whole the results

obtained by considering the total loss as eddy- current los§
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only will give us an idea of what is actually happening. We
will not go into the details of the mathematical proof, that

resolving the alternating field into two revolving components

is correct, but we can see at once that, when the two revolving

fluxes of half the intensity of the original flux are in the same

direction, they give the full value (Fig. 73), and that half a

period later, when the alternating flux is zero, the revolving

ones come into opposition, cancelling one another (Fig. 75).

When the armature is stationary (speed zero) only the teeth

under the pole and the back of the armature take part in the

hysteresis loss. We will take as a basis the core losses which

would be caused in the armature if magnetised under these

conditions and put

>f B

73 74

Figs. 73-75.

75

B here stands for the highest density in teeth and back.

The two component revolving fluxes have equal speeds under

these conditions and cause the losses

'B\-

or P,o=CoXy'xB2 = 2xCx?;^x
B^

Therefore C = 2 xC^, and we find for the stationary armature :

Fluxl. Flux 2.
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Assuming that the armature revolves in the same direction

as flux 1, the relative velocity between the latter and the

armature diminishes as the speed increases, and becomes zero

at synchronous speed ; and, therefore, at this speed

P,,, = 0-50xCoX(0)^xB2 = 0.

On the other hand, at synchronous speed the velocity relative

to the armature of the flux 2, rotating backward, is double

that at the beginning. Therefore

P,,2= 0-50 X Co X {"Ivf X B^ ; Vcs total = 2 X Co X ^^ X B^= 2 X Po.

It follows that at synchronous speed the core loss is double

that of the stationary motor, provided the flux is the same in

both cases. If the speed is a times the synchronous speed

the core loss is

P, = PoX(ft^+l) (17)

For one-half synchronous speed we find Pc«= 1'25 x Pq.

„ five times ,, „ „ Pc5« = 26xPo.

With increasing speed the core loss due to the alternation of

the flux is of very small influence, a? becoming large compared

with 1 in equation (17), both fluxes revolving then in the

same direction relative to the armature at speeds not so very

much different from one another. If the flux were constant

(direct-current excitation) we could put

P^^= Cx^'^xB2Xft^=2xPoX<

provided that the maximum density B were the same in both

cases. The ratio of the losses in the same armature with direct-

current and alternating excitation, with the same maximum
2 X d^

density, is therefore ^= ^^—

.

1 ->td^

The following table shows g as a function of the f«peed :
—

0-5

g-

0-4

1 ! 1

1-5
i

1-38

a. {1-

2

3

1
"

l-O

1-8

•J
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Above synchronism the core loss due to alternating exci-

tation is smaller than that due to continuous excitation at

equal flux densities. At very high speeds the ratio of the

direct current to the alternating-current core loss approaches

the figure 2. We can understand this relation, as with very-

high speed the alternation of the flux proceeds comparatively

very slowly, and we can consider, for short intervals, the

densities in which the armature revolves to be constant, the

losses being at every moment C^ X (v . ay x (B^,o^^eDtary)^ «^^

therefore the meaji value of the losses — xCoXv^xa^ x B'^.

Now we know that with direct current we obtain a voltage

sf2 times as high as with alternating current, the maximum
flux being the same in both cases. If we compare the losses

caused by direct current and alternating fluxes, which are pro-

ducing a given eflective voltage in a certain armature, we

find g'= ( —:^ \ . g=- ^, and consequently

—

Whe7i giving the same voltage, the core loss in an armature is

smaller when excited ivith direct current than with alternating

current.

We could split up—though not quite correctly—the losses

caused by the alternating-current flux into two portions : one

caused by the alternation of the flux, which is independent of

the speed, Po, and the other part caused by the revolution of

the armature, Pq X a^. The former is made up for electrically

by the magnetisation through the field coils, and causes a phase

displacement between current and voltage in the latter ; the

part PoXa^is overcome mechanically, and is felt as a reduction

of the torque just as the friction in the bearings, or as the core

loss in a direct current machine, P^rf. We may therefore

compare this loss ^^a with PoXa^, and we find that^ for equal

effective voltages, the losses are equal. For the same maxi-

mum density, the core losses caused by revolving in an

alternating flux are only half of those with direct current

excitation.

This result gives the simplest way of calculating the core

loss in an alternating current commutator motor where the

maximum density has been found.

A.C.C.M, F
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Calculate the " alternating'' losses infield and armature as ivith

a transformer {allowing for extra eddy-current losses) and calcu-

late the ^'revolving" core losses as with a direct-current machine,

and halve this amount.

The core losses caused by the armature reaction may
approximately be estimated by calculating them just as if

the main flux was not there, adding about 50 per cent, for the

more unfavourable distribution of lines through the influence

of the main flux.

We have developed general formulae for the flux dependent

on the output of the machine, utilising these formulae in

laying out a line of machines, providing sufficient section for

the flux to pass, fixing approximate general dimensions

in accordance with the output, and estimating from these

the mean length of magnetic path. This can be done very

closely if one keeps in touch with fully-designed machines

—

the core loss can be obtained quite generally as the function

of the output, periodicity and number of poles. I have carried

out this investigation for machines from 3 b.h.p. to 300 b.h.p.

and found that, given the number of poles and frequency, the

core loss, taken as thej^ercentage of the output, is almost independent

of the output of the machine.

Speaking in a very broad way, the condition that, to obtain

sparkless commutation, the flux must not fall below a certain

figure can be expressed in this form : The core loss of the machine

must not be less than a certain percentage of the output if the

machine is to run simrUessly. Naturally by saturating teeth,

poles, back of armature and yoke very little indeed

—

i.e., by

making the dimensions very much larger than necessary, or by

using specially good iron and by not filing the slots—smaller

figures for the percentage core loss can be obtained than those

I am giving in Fig. 76.

By employing commutating poles, the core loss may also be

kept smaller, the losses in the copper rising at the same time.

For obtaining practical average figures, however, our data are

near enough. Fig. 76 represents the "alternating " core loss only

as a percentage of the output of the machine for different num-

bers of poles and its dependence on the frequency. We realise
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At the first glance to what enormous figures the core loss

rises if the frequency exceeds 25 to 30 per second. This fact

is easily understood, for to obtain sparkless commutation a cer-

tain flux must be employed regardless of the frequency, and
this flux, fluctuating through the whole body of the machine,

armature and field, must cause very high losses if the frequency

of its fluctuation exceeds normal figures.

The high core loss is one of the factors—and not the most

unimportant one—limiting the frequency permissible with

alternating current commutator motors. It is very interesting

to see that the limit is about the same as that imposed, for i7istance,

by the ;poioer factor and the losses in the resistance lugs.

15
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Core Loss with Stationary Armature (Alternating Core
Loss) AS Percentage of Output.

To calculate the total core loss we must first divide the

" alternating " core loss, as given by our curves in Fig. 76, into

two portions, that in the stationary and that in the revolving

part of the motor. I have found that the ratio of core loss in

the rotor to the total core loss varies very little indeed with a

normal design. As an average it is about 20 to 30 per cent.,

say, 25 per cent. As the revolving core loss at synchronous

speed is equal to the alternating core loss in the rotor, the total

core loss when the machine is running synchronously (750 revs,

per min. at 25 cycles, 4 poles) is 25 per cent, above those figures

P2
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given in Fig. 76. With a machine for 25 cycles, 4 poles, run-

ning at 750 revs, per min., the alternating core loss is 7 per

cent, of the output. At synchronous speed the revolving core

loss is 0-25 X 7 = 1*75 percent., the total 7 + 1*75 = 8-75 per cent.,

say a 9|-per cent, of the total output, including losses through

the armature reaction and eddy currents in the pole tips, &c.

With 80 per cent, total efficiency the core loss would amount

to 9*5 X 0-80 = 7^- per cent, of the input. With twice syn-

chronous speed, 1,500 revs, per min., this figure would be

7 + (l'75 X 4) = 14 per cent, of the output, or 16 x0'8 = 12|per

cent, of the input. The same machine, built for 750 revs, per

min. 25 cycles, but having eight poles, would have an "alter-

nating " core loss of 4-3 per cent, at 750 revs, per min.

—

i.e.,

twice synchronous speed. In this case the revolving core loss

would be 4*3 X 0-25x22= 4-3 per cent., the total core loss;

therefore, 4*3 + 4*3 = 8-6 per cent., and inclusive reactive core

loss, say a 9J per cent. The total core loss at 750 revs, per min.

is in this case the same for 4 and 8 poles. At 50 periods, 4 poles,

750 revs, per min. (half synchronous speed), we find the "alter-

nating" core loss 17*5 per cent., " revolving" core loss 1-1 per

cent., total 16 per cent, of input. At 50 periods, 8 poles,

750 revs, per min. (synchronous speed), the " alternating
"

core loss is 11-5 per cent., the "revolving " core loss 29 per

cent., the total 12^ percent, of input.

11. The Remaining Losses.

A. The Friction Losses.—The friction losses of an alternat-

ing current motor are naturally to be calculated in exactly

the same way as those of any other machine. They consist of

1. Bearing friction.

2. Windage.

3. The brush friction on the commutator.

We should go altogether beyond the scope of this treatise if

we were to enter into the theory of friction generally. It is,

however, essential that we should have some basis for taking

account of the friction losses when making out diagrams and

estimates of the efficiency. For this purpose we will use the
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curve Fig. 77. This curve is only correct in a very general

way ; it gives average figures for friction of bearing and wind-

age at different speeds. The commutator friction naturally

cannot be made dependent on these two factors alone, as the

number of brushes and the brush pressure have the greatest

influence; and this number, again, depends on the current and

the current-density. The commutator diameter and the class

of the brush material has also considerable influence on it.

Assuming a current-density of 6^ amperes per square centi-

metre, a coefficient of friction of 0*30, and a pressure of

0-22 kg. per square centimetre, we obtain 3^5- kg. friction per

1 ampere. With alternating current motors the commutator

has a diameter of the order of 80 to 90 per cent, of the arma-

ture diameter. The latter, again, is pretty closely fixed by

2-5

2-0
^^

a 1-5

0-5

^^
-—

-

250 600 750 1,000 1,250 1,500 1,750 2,000

Revoluiions per Minute.

!FiG. 77.

—

Bearing and Windage Loss as Percentage of Output.

horse-power and speed, being only slightly dependent on the

width of the armature if varied moderately. Resorting to

practical experience on machine dimensions, I have developed

a set of curves (Fig. 78), which will enable us to estimate

approximately the brush friction of the motor without going

into the design of the machine itself. The curves represent

the brush friction loss per hundred amperes taken as a per-

centage of the output of the machine for different speeds and

horse-power. They refer to machines for continuous rating
;

machines with intermittent rating have about 25 per cent,

less losses than given by Fig. 78.

A general idea of the percentage brush friction loss can be

gained from the curves (Fig. 79), which have been drawn up

for 200 volts, the power factor and the efficiency having been



70 ALTERNATING CURRENT COMMUTATOR MOTORS.

assumed as 100 per cent. These figures require correction

in inverse proportion to the actual voltage and actual efficiency

and power factor. Thus a 250 volt motor for 200 h.p. at

48
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750 revs, per min., with a power factor of, say, 90 per cent,

and an efficiency of 85 per cent., would have a brush friction

loss of about

1 . .... 1
2.04x?59x ^ X-^^^"^

250 ^0^9 ^0-85
1-84X —— = 2 15 per cent.

yJ'oD

of the output, or 1*84 per cent, of the input.

B. The Copper Losses.—The copper losses consist of

1. Losses in the armature copper.

2. Losses in the compensating winding copper.

3. Losses in the field copper.

Copper losses in the armature can be obtained in a general

way by a somewhat complicated process. The dimensions of

the armature being approximately got by going into the de-
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—

Copper Loss in the Armature as Percentage of Output.

sign, the amount of copper to be accommodated on the surface

can be found, leaving sufficient section for the teeth to carry

the necessary flux. Further, the current this copper can carry

is fixed by the cooling surface. Though the method is crude

it is good enough to show the law which connects the copper

losses with the output, the more as I have kept sufficiently in

touch with completely designed machines. The curves, Fig. 80,

are the result of my investigation, giving the copper loss in the

armature as a percentage of the output of the machine for

different capacities and speeds, the machine having four poles*
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For a different number of poles we have to multiply by a con-

stant, which is the smaller the higher the number of poles

—

i.e.f the shorter the end connections of the armature. This

constant is : For six poles, 0-80 ; for eight poles, 0-67.

The losses in the compensating winding are closely related to

those in the armature, both ampere-turns being almost equal.

This winding being stationary, however, less losses are per-

missible. We may say, approximately, that

Copper losses in compensating winding _^,;j,^

Copper losses in armature winding

The losses in the main field coils depend very largely on the

air-gap, but, as we saw from our former investigations on

the power factor, the field ampere-turns must not be exces-

sive compared with the armature ampere-turns, and, there-

fore, the loss in the field coils has some relation to the arma-

ture copper losses. With small machines the air-gap must

—

for mechanical considerations—be comparatively larger. We
may say that with 5 H.p. to IOh.p. machines the field loss is

about 80 per cent, of the armature copper loss ; with 100 HP.

to 200 H p. machines it is only about 60 per cent.

12. The Efficiency.

In the literature on single-phase commutator motors elabo-

rate studies can generally be found on the power factor,

which figure is comparatively easy to determine, and which

permits itself to be expressed by simple mathematical for-

mula or by diagrams. Of equal—if not greater—impor-

tance is the efficiency, for which, in the previous chapters,

preliminary studies of the losses were made. It would have

made our work very bulky if the details of these develop-

ments had always been included, for it would have meant

going into the law of heating and other questions which might

be dealt with in a separate treatise as large as the present one.

It is quite impossible to give in a general way eflQciencies other-

wise than approximately, and it is sufficient to form a general

idea how these figures come out with the machines in question.

We will show the application of our tables and curves by

an example.
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What is the efficiency of a single-phase commutator motor for

SO h.p. 200 volts 25 cycles 750 revs, per min.y having four poles

and four brush arms, the power factor being approxinuitely 0'90 ?

We find

Alternating core loss 7*00 per cent.

Rev^olving core loss 1*75 ,,

Bearing friction 1*15 ,,

Brush friction 1*95 ,,

Commutator connections and brush drop ... 3*35 ,,

Armature copper loss 3'50 ,,

Compensating copper loss 2"50 ,,

Field copper loss 2-10 ,,

Total losses 23-30 ,,

Output 100-00

Input 123-30

Efficiency 81-10 „

The losses of a direct current machine with the same output

and running at the same speed would be approximately as

follows :
—

Alternating core loss 0*00 per cent.

Revolving core loss 2*05

Bearing friction 1'15

Brush friction 1'75

Commutator connection 0*15

Brush drop. 1'35

Armature copper loss 3'30

Compensating copper loss 0-00

Field copper loss 4-85

Total losses 14-60

Output lOO'OO

Input -.« 114-60

Efficiency 87-20

As another example we may consider a very small machine,

«ay a 5 h.p. motor for 25 cycles 1,500 revs, per min. 100 volts,

with four poles and two brush arms, the power factor being

assumed as 0-82. The losses are :

—

Alternating core loss 7-0 per cent.

Revolving core loss . «......... 6-8
,,

Bearing friction.« ...«.....^..^....» 1'7
,,

Brush friction «.-.. «.„.«... 2-6
,,

Commutator connections and brush drop .«... 6-7
,,

Armature copper loss ....«...«..« 4-0
,,

Compensating copper loss ..... 3*0 .,

Field copper loss ...« . ..-.... 3-5
,,

Total losses « «.-.....-. 35-3 ,,

Efficiency « 74-0
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The losses of a direct current machine would be :

—

Alternating core loss ... 0*00 per cent.
Revolving core loss 8*00

Bearing friction 1-70

Brush friction 2*50

Commutator connections 0"05

Brush drop 0*45

Armature copper loss 4*00

Compensating copper loss 0*00
Field copper loss 7'00

Total losses 23-70

Efficiency 81-00

We see that in our examples with the alternating current

motor the efficiency is about 6 or 7 per cent, lower and the

losses are about 50 per cent, higher than with a corresponding

direct current machine. This is chiefly due to the alternating

core loss and the loss in the commutator connections.

13. The Diagram of the Real Motor.

The diagram of the real motor distinguishes itself from that

of the ideal machine by taking account of the losses, but it

has one weakness in common with the latter—the saturation

of the magnetic path is supposed to be so low that the flux

can be put practically proportional to the current. We must

divide the losses into two classes :

—

1. Losses which are proportional to the square of the current.

2. Losses which cannot be expressed as a simple function of

the current.

The first class comprises all the copper losses in field, arma-

ture and compensating winding. We may also inclirde the loss

caused by the main current in the commutator connections and

under the brushes, though the latter is not exactly propor-

tional to the square of the current. One might feel inclined

to let also the alternating core loss pass as belonging to the first

class. This would, however, mean misunderstanding the char-

acter of the hysteresis and the eddy- current loss. They can-

not be represented by substituting an equivalent resistance in

the circuit of the main current ; on the contrary, they ap-

parently diminish the resistance of the main circuit of the

machine, acting just as the secondary circuit of the trans-
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former reacts on the primary. Therefore, the case is repre-

sented by an equivalent connection diagram (Fig. 60) with an

ohmic resistance in parallel to the field. These losses turn

part of the magnetising current into watt current ; the re-

sistance in the main circuit would produce a watt component

in the voltage. Both make the angle between volts and

amperes smaller, but the resistance of armature, field coils,

&c., maj^ seriously affect the overload capacity of the machine,

reducing the voltage left for the armature. The alternating

core loss has not this effect. Just like that of the eddy cur-

rents caused by the alternations of the flux is the eflfect of the

circulating current in the coil under commutation, in fact it

can be treated as part of and together with the core loss. The

revolving core loss and the friction loss tend to prevent the

armature from revolving; they diminish the useful torque.

These losses are, therefore, covered mechanically and do not

affect the phase of the current in any other way than the use-

ful load on the pulley or pinion of the motor. As a funda-

mental rule for the design of the diagram, we will establish

the following as the simplest way for practical purposes :

—

We will construct the diagram, neglecting all losses of the

second class, taking account of them afterwards by means of

a correction. Then we can put in these losses more exactly

-than it would be possible if we should attempt to find an

approximate law for the relation of loss and current so as to

embody them in the diagram. In the linear diagram which

we may draw up for a certain working condition, the effect of

hysteresis, eddy and circulating current losses may easily be

taken into account. We start with the assumption of a certain

flux, OA (Fig. 81), requiring a magnetising current, OB, for

driving it through the air-gap and other parts of the magnetic

path in phase with the flux itself. The flux produces eddy

currents, OC, and circulating currents lagging behind the flux

by about 90 deg., which will be represented in the main circuit,

together with the hysteresis losses, by the component BD ver-

tical to OB (parallel to OC). OB and BD together give the

main current OD, which flows through field and armature in

series. The flux produces in the field coils an E.M.F. vertical
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to it, which is compensated by the E.M.F. ( - E^) =0F vertical

to the current and leading the latter by 90 deg. In phase

with the current an E.M.F., OG, is required equal to current

X resistance of field coils, so that the total voltage of the ter-

minals of the latter is the vector sum of OGr and OF—i.e., OH.
The armature revolving in the flux OA generates an E.M.F.,

OK, in phase with OA. We add to this KL=E.M.F. of self-

induction in armature and compensating winding plus watt

IT"

i sec. of eddy

currfints

Fig. 81.

component to cover the core losses caused by the armature and

compensating cross-flux. KL is, due to this watt component,

less than 90 deg. in advance of the current.

Adding further LM= current x resistance of armature, brush

contact, resistance leads and compensating winding, we find
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OM, the voltage across armature and compensating winding

OM and OH together give the terminal voltage 6^= ON.

One of the interesting effects of the core, eddy and circu-

lating currents loss is the shifting of the phase of E.M.F. E in

the armature backward, together with the flux. E and the total

current come out of phase, and the torque is slightly reduced,

but there is also a beneficial effect, for through the shifting of

phases the power factor is improved more than it would be in

the ordinary way by the addition of the watt current due to

hyteresis.

Special attention must be drawn to the fact that the harmful

circulating currents reacting on the phase of the flux are

quite useful, and for this reason they have sometimes been

suppressed to a smaller degree than one might expect. Tests

have been carried out by the Siemens-Schuckert Co. (Kichter)

to show that the power factor can be made equal to unity

through allowing circulating currents to flow more or less un-

checked. Naturally the heating of the brushes and the commu-

tator prevent the actual practical application of this expedient.

The power-factor improving qualities of the losses caused by

the alternations of the main flux and the shifting of E will be

clearly seen from the simplified diagram Fig. 82. OKDAL
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is the diagram for the ideal motor. If now the flux N is made

to lag behind the current i, by an angle, xp (the hysteretic and

eddy current lag), it will obtain the position OA'. The E.M.F. E

will follow it to OK' and, apart from details, the new triangle

OK'L' will be identical with the original one, OKL, the

new phase displacement being (^' = 6— \^. The angle of the

hysteretic and eddy-current lag subtracts directly from the

original angle betiveen current and terminal voltage. As-

suming, for instance, cos <^= 0-80

—

i.e., <^ = 37 deg.—and sin ip

=0-10, -i/' being 6 deg.—we find <^' = 37- 6 = 31 deg., and

the new power factor cos c^' = 0-86. Supposing we had a cos <^

= 0*705 only, </> being 45 deg. and sin il/ = 0-10, r/' is 6 deg. and

cos </)'= 0*78. This is only the improvement due to the shift-

ing of the phase of the flux, a further increase of the power

•<- ea —^a^—-Cr—->J

Fig. 83.

factor being effected by the watt-component of the current for

covering the loss.

This diagram will be still clearer if we add together all com-

ponents of voltages for overcoming the ohmic drop in field

armature and brushes into one, in a way eliminating all resis-

tance from the armature and field and adding it separately, as

diagrammatically shown in Fig. 83. At the same time we

combine ej^f and e^^^- Diagram Fig. 84 is the same as Fig. 81,

except for the order in which the components of the volt-

age are combined. We find, again, the current-triangle

^core loss " ^- ^^ phasc with imagn. wc draw the flux and the''magn.

voltage induced in the armature by rotation e«. Vertical to it
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we draw 6^+ e^^i ''^^^ i" phase with the total current i the

ohmic drop i x r. All three voltages together, e^j («l/+ ^La) and

i X r, give the terminal voltage e.

If we do not take account of i^^ in our diagram the effect in

the combination of E.M.F.s is felt in * x r only, this factor

being shghtly reduced and shifted backward in its phase

(Fig. 85). Except for this small defect we are able to con-

struct a diagram completely neglecting i,^ and to add this cur-

rent component afterwards in a convenient way. The advantage

of neglecting ?,„ at first lies in the fact that the E.M.F.s of self-

induction of field, compensating winding and armature are

90deg. displaced against i^, not against the total current,

and that E ( = e„) is in phase with i^ only.

ixr

Fig. 84. Fig. 85.

Except for the component ixr we could use our ideal

diagram exactly, and it is clear that the presence of the resis-

tance can involve only a minor modification.

Drawing again the circle and the triangle of voltages OAB
(Fig. 86), AB now represents the E.M.F. of self-induction in

field and armature eLz+^La? OA. is no longer e«=E alone,

but e« plus i X ^. The phase of the current remains exactly

the same

—

i.e,, that of e^ and i x r, and, as before, its intensity

can be represented by AB. Erecting again AC vertical to OB,

BC is the torque and AC the watt component of the current,

but no longer the useful energy, as it includes a component for

the ohmic loss. When the motor is stationary e^ becomes zero
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and the point A obtains a position A' on the circle not identi-

cal with 0, OA' being the drop in the ohmic resistance

which cannot be eliminated. BA' is the maximum current

obtainable, the "short-circuit current," fixed by the self-induc-

tion of field and armature, and now, also, by the ohmic resis-

tance. The short-circuit triangle OA'B, drawn for full

voltage on the stationary motor, is a fixed quantity for a cer-

tain machine. Draw A'C vertical to OB; BC is the torque at

starting and A'C the watt component of the current A'B, due

to the ohmic losses in the motor. If the current is only AB,

this watt component goes down to HC, as it can easily be

proved that the amount HC, cut off from the vertical AC by

Fig. 86.

the short-circuit line A'B, is proportional to the current AB.

Therefore the part AH between A'B and the circle represents

the useful energy* except for the losses of friction and revolv-

ing hysteresis.

Drawing DF in Fig. 86 parallel to OB, similar to the diagram

for the ideal motor, the amount cut off on this line by the

lengthened A—i.e., DF—represents the speed. It is smaller

than before by the amount DM, in consequence of the voltage

drop in the ohmic resistance.

* Compare Electrotecliiiische Zeitschrift, 1900, the Author's simplified

form of the Heyland diagram for induction motors.
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It remains to bring in the core loss component so as to fix

the phase and amount of the total current. This can be done

for every point of the diagram in the way shown in Fig. 87,

if^ being determined as exactly as possible. Considering that

the majority of the losses which i,^ represents are eddy cur-

FiG. 87.

rents (including the circulating currents in this class), the

component for these losses i^ can be put very nearly propor-

tional to e^,—i.e., proportionate to i,,^ itself—the angle of hyste-

retic phase displacement xj/ between i^ and being assumed

Fia. 88.—Complete Diagram.

to be constant. Then i is equal to constant x i„„ so that it is

only a question of " scale " for the current in our diagram

to give the value of i direct. Also the influence the component

i^, exercises on the power factor can be easily shown. AB
being i„ (Fig. 88), we add z,p=AG at right angles (OA

A.C.C.M.
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lengthened) ; BGr is then the total current i in proper phase,

and OH is the power factor if 0B=1. The geometrical locus

for G is a circle which passes through O and B and the centre

P of which is vertically above the centre of the main circle,

the angle PBO= ^.

14. Diagram, Tests and Performance Curves.

To draw up the diagram and determine the performance of

an actual machine the following tests are required :

—

1. The resistance of field, compensating winding, armature^

including resistance lugs and brushes. (N.B.—The test can

be taken with direct current.) It is advisable to drive the

armature round very slowly (field not excited) so as to obtain

a good average for the resistance of the lugs. The resistance

ought to be measured with currents of various strengths, the

direction ought to be changed as well as the direction of rota-

tion, and the average value of the resistance measured should

be used.

2. In connection with above test (1) : Tests of inductive drop

and measurement of losses in armature plus compensating

winding. The armature and compensating winding should be

excited in series with alternating current, the field being left

unexcited and the armature revolving very slowly. Find the

approximate laws : A. Volts on armature plus compensating

winding=constantx amperes. B. Core loss caused by the

stray flux= constant x(current)2.

3. The no-load test. Excite the field winding only, drive

the armature at about normal speed, measure amperes and

watts consumed by the field at different voltages. Measure

voltage on armature at the same time. This test ought to be

repeated with the brushes lifted, if it is desired to separate the

energy consumed by circulating currents from hysteresis and

eddy current loss. Repeat the test at a very slow speed indeed,

and take average figures for the losses and currents. Try to

obtain the laws

:

{a) Inductive volts on field (including inductive drop and

armature + compensating winding) equal to constant x

amperes (as a crude average only) (Fig. 89).
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(b) Volts on armature = constant x amperes x revs., or= con-

stant X volts on field x revs,

(c) Core loss (including that due to armature and compen-

sating winding, only a small amount)-|-circulating currents

-

Fig. 89.

ohmic losses in the field = function of current. Obtain an

average figure for the hysteretic phase displacement \^,

«,v /
watts

sm w=
current X inductive volts on field, arm. and comp. wdg.

Friction and

Hysteresis Watts

Amperes

Fig. 90,

When taking above test measure friction loss and revolving

core loss at different speeds and different currents and speeds

respectively. Curves similar to Fig. 90 may be plotted, unless

G2



84 ALTERNATING CURRENT COMMUTATOR MOTORS,

it is preferred to draw friction loss and core loss separately.

To simplify the core loss and friction test, somewhat at the

cost of exactness, one may take a single test instead of the set

of curves. This test would be carried out with the motor run-

ning light, armature and compensated winding being shunted

ijej's

-2?i'^ii.

Amperes

Fig. 91.

by a variable resistance, the total volts being kept constant

(Fig. 91). The inexactness is caused by the drop in the

armature, being due to a very small current only, and there-

fore the losses are measured slightly higher than their actual

value.

Ammeter r~lWattmeter

Voltmeter

Comp.

Winding

Fig. 92.

No results obtained by means of a diagram are as exact as

those actually measured, and the most important point of all

—

the commutation qualities of the motor—cannot be determined
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by anything else but the full load run (Fig. 92). If it is a

question of guarantees, I should not liesitate either to constrtict

a diagram similar to Fig. 82 for every point of the working

range, taking account of even the slightest saturation and

the core losses exactly as measured. There is still a wide

field for the diagram left

—

i.e., to study the performance of

single-phase motors in a general way, and to obtain, quickly,

results as to its overload capacity, starting torque, power

factor, &c.

We will construct the diagram for a definite example :

—

50 H.P. motor, 25 periods, 200 volts at about 800 revs, per

min.

1 . Resistances—Field 001 2 ohm.

Comp. winding ... 0*014 „

Armature 0*018 „

Brushes 0*010 „

Total ohmic resistance ... 0*054

2. Alternating-core loss, including losses through circulat-

ing currents under the brushes and volts on field (ohmic drop

in field deducted) :

—

Amperes. Watts. Inductive field volts. Sin ^.

100 ... 900 44 0-205

150 ... ... 1,600 63 0-170

200 ... ... 2,500 82 0-152

255 ... ... 3,400 97 0137
350 ... ... 5,200 113 0-132

500 ... ... 8,600 128 0-134

3. Friction loss and revolving core loss at 200 volts con-

stant (see Fig. 91) :

—

Amperes. Watts. Revs.

150 3,100 1,280

200 2,350 950
255 1,800 770
300 1,600 680
400 1,400 590
500 1,450 520
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Striking a broad average for currents between 150 and 350
amperes, we may put roughly :

Inductive volts _ ^.07 .

Current
'

Sin ^=0-148.

Total impedance= J^-'dV + 0-0542=0-872.

Short-circuit current ^^79= ^40 amperes.

Sin V' at ideal short-circuit ^'^^^ = 0-146.

\
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Fig. 93.

Construct the diagram, proceeding as follows (Fig. 88) :

—

Draw OBN so that cos OBN=0-146 ; make BN=540 A»

to suitable scale. Draw from centre on OB a circle through

B and N. PK vertical on OB; sin BPK = 0-148. From P
as centre draw second circle through B, then any current line>

say BG=255 amperes, has its proper phase, cos <^ being given
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by OA (B0= 1). Torque, power, &c., being measured as de-

scribed in the previous chapter.

The curves (Fig. 93) show torque, speed, power factor,

horse-power output and efficiency as functions of the current,

as obtained from the diagram. If there -were no losses and no

hysteretic phase displacement, the power factor at normal

load (about 255 amperes) would be about 0*90, instead of

0"95. The improvement of the power factor " through the

losses" is quite remarkable, and enables us to obtain power

factors of 0*8 to 0-85 with quite small machines of 5 H.P. to

IOh.p., even for 50 cycles. It is worth noting that, with about

100 amperes, the power factor reaches unity, aadi with still

smaller currents, the machine supplies leading current to the

line. This is due to the hysteretic phase displacement.





CHAPTER III.

THE THOMSON REPULSION MOTOR.

15.—The Induction of the Current in the Armature.

We have been treating in detail the simple series commutator

motor—as a matter of fact, a machine in principle the same

as the direct current machine, only supplied with alternating

current. We have seen that the alternating current brought

some disadvantages with it, such as xeduction of output,

power factor and efficiency. We have not utilised, however.

Fig 94.

the qualities prominent with alternating current, namely,

the ability to transmit energy from one circuit to another

without any electrical connection. This quality has been

made use of with commutator motors chiefly in transforming

the current for the armature. We may, for instance, wind the

field for high voltage and small current and, by means of a

transformer, transform the voltage down to a lower figure

for the armature. This is indicated in Fig. 94. It is evident

that tte behaviour of such a motor would be exactly the same

as that of an ordinary series machine, primary and secondary
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current being kept rigidly in phase by the interlinking flux.

Assuming for a moment that the transformer had a ratio of

transformation 1:1, its introduction would not have the

slightest effect on the behaviour of the machine. Hardly

any advantage could be claimed for this arrangement, except

that the heavy armature current need not be handled in the

control apparatus, or that the voltage and current of the

armature may be chosen as is most convenient, the field

perhaps being wound for the high voltage of the supply.

Compared with the transformation of the whole energy supplied

to the motor, as shown in Fig. 95, the former method would

have the advantage of requiring a somewhat smaller trans-

former, but, on the other hand, the field winding must be a high

voltage one.

Fig. 95.

Looking at the armature circuit of Fig. 94 we find that it is

short-circuited in itself electrically, and not connected with the

primary at all. Now, it is possible to carry out the trans-

formation in the motor itself instead of in the transformer,

utilising part of the main flux, which produces the torque, for

the transformation ; we could, as it were, combine motor and

transformer. In this case the brushes would be simply short-

circuited, the secondary winding S of the transformer dropping

out, and we should arrive at a commutator motor of the

induction type, the " repulsion motor."

Starting from an ordinary series motor, we see that, apart

from the circulating currents produced in the coils under

commutation and short-circuited by the brushes touching

several segments at the same time, the field has no inducing
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effect on the armature winding through the alteration of its

intensity. Even if we short-circuit the armature, as proposed

(Fig. 96), exciting the field up to its full value, the stationary

armature would not have any current induced in it. The
conductors from a to 6 (Fig. 96) receive E.M.F.s in opposite

directions to those induced in the conductors from h to c, and
both cancel one another. Matters would be different if the

brushes were shifted 90 deg. (Fig. 97). In this case the

E.M.F.s from a to 6 and 6 to c would add up, and the alternat-

ing flux would induce a very heavy current in the short-circuited

armature. But under these conditions no torque whatever

would be developed, as the dynamic actions between the flux

issuing from the poles and the conductors from a to 6 and

ato d would cancel one another.

Fig. 96. Fig. 97.

With the field shifted 90 deg. from the brush line (Fig. 96),

brushes in the neutral zone, the field can only exercise torque

on the armature winding, but no induction of current through

the alternation of the flux

—

i.e., no transformer action—can take

place. In the case of coincidence of the field line and brush

line it is just the reverse. The arrangement we should have

to adopt would be a combination of the two, as shown in Fig. 98.

Starting from the ordinary motor, with the brushes in the

neutral position and short-circuited, we provide a second pair

of poles, 90 deg. displaced from the first pair and excited in

series with the latter. Pair number 2 would induce the cur-
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rent in the armature and this current would create a torque with

the flux produced by pair number 1, Compared with Fig. 94

the field winding 2 wo aid be the primary P of the trans-

former T, and flux N2 the trans-

formation flux, and the armature

Li would be equivalent to the secon-

dary S. Fig. 98 actually represents

the diagram of the Atkinson repul-

sion motor.

16. —The Kepulsion Motor of Elihu

Thomson.

The practical form of such a

machine would naturally be diffe-

rent from that shown diagrammatically in Fig. 98, first of all

because it would be difficult to provide room for the two pairs

of poles and the two windings side by side. The neutral zone

Fig. 99.

will, through the presence of the poles marked 2, more or less

disappear, as the space must be used for the flux Ng, inducing

the current in the armature. The form of the stator would
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therefore be very similar to that of an induction motor with a

two-phase winding, one locally displaced from the other by

90 deg., as shown in Fig. 99. Going still a step further, we

recognise that at any moment under consideration in a certain

stator it is only in imagination that there can be two magnetis-

ing forces. In reality we can join the two windings into one.

The resultant winding A will have a position somewhere be-

tween windings Aj and Ag according to the strength of either.

Considering, therefore, this one winding only as existing, we

find that the arrangement is the same as that shown in Fig. 96,

with the exception that the interpolar space has disappeared

and that the brushes are shifted from the neutral position.

We have now developed the repulsion motor in its original

form, as invented by Elihu Thomson.

For theoretical consideration, and to

understand its action, it is by far the most

convenient way to remember that the

sinsrle winding on the stator can be split

up into two components, the centre line

of the first Aj being shifted 90 deg. from

the brush line and producing the flux

for exerting the torque. The centre line

of the second component Ag coincides

Fig 100. with the brush line, and A, serves to

induce a current in the short-circuited

armature. If the field winding is displaced by a deg. from

the brush line (Figs. 99 and 100), and A is thenumber of ampere-

turns of the resultant field winding we can put

Ai=Axcosa and A2=Axsina.

A A
. ^=tan a

;
for a= 45 deg., -r ==1-

These are approximate only, and have by hypothesis a

" sinusoidal " distribution of the field winding, a condition

which is nearly fulfilled if the winding is distributed over

several slots, similar to the compensating winding. This

arrangement is not the most favourable with, ordinary

series motors, but it becomes more so with an induction
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type of motor, where the necessity of producing the arma-

ture current by means of transformation is important.

For this reason the leakage between the inducing (primary)

statorwinding and the induced (secondary) armature ought to be

kept as small as possible by making one a true picture of the

other

—

i.e., distributing the stator winding over many slots on

the inner surface of the field. Fig. 99 shows clearly that a

concentrated primary winding, Ag, would only induce effectively

on conductors close to it (2), and only with great loss of lines

on those closer to the brushes (1). From this point of view it

would be best to provide two primary windings, one distri-

buted for the induction and one concentrated for producing

the main flux. In fact, the compensating winding of an ordi-

nary series motor might be used as an induction winding. A
method has been described (page 36) in which the compensating

winding did not carry the main current at all, but was short-

circuited in itself and a current produced by mutual induction

from the armature. In our case, compensating and armature

windings would simply exchange roles, the latter being short-

circuited and the former carrying the main current. There

is, however, one essential difference between what happens

when simply compensating the armature reaction and when

transmitting the energy to the armature by mutual induction

in the motor. In the former case only a very small flux inter-

linked both windings one with another ; as a matter of fact,

it is the object of compensation to keep the flux down. In

our case the whole flux in the transformer T in Fig. 9-1 trans-

mitting the energy to the armature must alternate in the

direction 2.

17.—E.M.F.s, Currents and Fluxes in the Thomson Motor.

The electrical energy P^ equivalent to the mechanical

power is: Current X E.M.F., E^, in the armature conductors

produced by these conductors cutting the flux Nj. This will

be so in whatever way the energy has been transmitted to the

armature—if by conduction (series motor) or induction (repul-

sion motor). The energy transmitted to the armature con-
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veyed by the flux Ng is P2= Current xE.M.F., Eg, induced in

the armature by flux Ng. Pj is (apart from losses) equal to Pg,

and therefore the E.M.F. induced in the armature by the

" alternation " of the flux Ng is equal to the counter E.M.F.

due to the armature " moving in " N^.

^1= ^2-

Actually E2=Ei+ohmic and inductive drop.

For both E.M.F.s the number of conductors is the same—that

of the armature—the number of cycles at which Ng alternates

is fixed by the supply frequency, whilst the relative speed

between armature and flux N^ is fixed by the number of

revolutions.

Fig. 101.

Fig. 101 represents the armature surface with its conductors,

and Nj and Ng distributed sinusoidally. As has already been

shown (formula 2, page 8),

The calculation of Eg requires a simple integration, as we

have to deal with a winding spread over a circumference.

1
We find E.

V2
. ?; . No .

10-*^ volts.

or

Consequently, as^ Ei=E2, gQ . Ni=v . N2,

N2_»i/60
-J

N2_w _ actual speed

Nj V Ni n^ synchronous speed

At synchronous speed both fields would be equal. The

higher the speed the larger the ratio Ng/Ni. If the speed were to
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alter inversely as N^ (terminal voltage constant and small

inductive drop in the field), Ng would be constant.

Apart from the fact that N^ and Ng are contained in the

same body, and the peculiarity that both act on the same

winding, the characteristic of the repulsion motor ought to be

the same as that of the series motor with transformer for the

armature (Fig. 94)—^.e., if the transformer is perfect (practically

without leakage and magnetising current)—the same as in an

ordinary series motor, because, " after the transformation,'^

current and flux N^ work together in the same way as we have

stated in full detail with regard to the series motor. But

unfortunately the transformation is not perfect, as it has to be

carried out across an air-gap separating primary and secondary.

We might simplify the investigation, replacing our

motor by two motors (Fig. 102), motor I carrying winding Wj,

Fiff. 102.

with the ampere-turns A^^A cos a and flux N^; motor II

carrying Wg, with the ampere-turns A2=A sin a and Ng. The

former is the ordinary series motor, while the latter may be

looked upon as stationary as it does nothing but transmit

energy.

As already pointed out with regard to Fig. 94, the electrical

equivalent of the transformation—apart from voltage and

current variations which accompany it—is a direct supply of

the energy to the secondary circuit. It is common knowledge

that it is a matter of indifference to the supply circuit whether

the energy is supplied to an apparatus through a transformer or

direct, provided we take care of the magnetising current and
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the leakage if these figures are large, and furthermore provided

that account be taken of the ratio of transformation. As first

shown by Steinmetz, this can be effected by a combination of

choking coils (Fig. 103), L^ representing the self-induction of

the primary, Lg that of the secondary winding of motor II,

L3 being the choking coil taking the magnetising current

to drive the flux Ng through air-gap and iron. L^ and Lg act

just as an increase of the field and armature leakage of an

ordinary motor, so that we can include them in these figures.

Its effect is an increase of Ej , and consequently a reduction of

the power factor and overload capacity, but not any principal

alteration in the performance of the machine. The rotor cur-

rent ia, flowing in Za turns, must be multiplied by the ratio of

transformation zjz^^ to obtain its primary equivalent, which is to

be introduced into the diagram. Therefore the repulsion motor

Fio. 103.

Choking
Coil

Fm. 104.

is equivalent to an ordinary series motor with a choking coil in

parallel with the armature (Fig. 104), the magnetising current

taken by the choking coil being as high as would be required

to produce the transformation flux N2 in the motor, the num-
ber of turns being the total multiplied by the sine of the

brush angle a (Fig. 100).

A consideration on the basis of our previous treatment will

show us how large is i,^. At synchronous speed the two fluxes

Nj and Ng are equal. The reluctances of their paths being the

same, the wattless energy to produce them will be the same.

Therefore E^x^>E„x^,„,

or t„,=ii . g^ ;
for any other speed t,,= ij^ 'W\n)'

A.C,C.M H
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The diagram of the repulsion motor becomes very simple.

In Fig. 105 we draw \. In phase with it the flux N^ and the

E.M.F., E„, induced by the armature revolving in Nj. At right

angles to *\ we draw the E.M.F. of self-induction of winding

Wj, E/- (inclusive drop in L^ and Lg, Fig. 103), which is to be

added to E« in order to obtain the terminal voltage e. So far

we have drawn the diagram of the primary circuit, which is

exactly the same as that of the series motor. If there is only

very little ohmic and inductive drop in the armature, E^ is its

terminal voltage and that of the choking coil. So we find the

current t^ in the latter 90 deg. behind E^. The armature cur-

rent ia (actually multiplied by zjz^ assumes such a value that

L and *' combine to the total current L. ©

Fig. 105. Fig. 106.

at synchronism, the angle between i^ and i^ is the same as be-

tween e and E„ or i^—that is, the angle (/> itself, generally tan p
tan <^. (n/n^)^. As Ey.=^^mL it represents t^, the same as in

the circle diagram for the series motor. For the sake of com-

parison, side by side with this diagram the diagram of the series

motor has been drawn (Fig. 106). Starting again from the same

value of ^=^\ we find N=Ni, just as large as before with the

same E„. So the only difference lies in the alteration of the

armature current, which is larger by the amount i^ added graphic-

ally to i=i^.

If we wdsh to study the performance of a repulsion motor

we can use the same linear diagram and also the circle diagram

as for the series motor.
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Let us assume that we have a series motor, say without

compensating winding, but with distributed primary coils.

Referring to Fig. 105, we will assume cos (^=:0-85=»=a

.

^.^=tan <^=0.73, so that -
fieldampere^ms

E„ workmg armature A.T. (*J ^ *"'

This motor may, as an example, run under a load correspond-

ing to the current I. Transforming this machine into a

repulsion motor, we short-circuit the armature and shift the

brushes from the neutral by a certain angle, a (Fig. 100). Ohmic
drop may again be neglected. Fig. 98 represents the equivalent

repulsion motor, Aj having S X cos a turns and Ag having

S X sin a turns, if S is the number of turns of the series motor

field winding.

Starting with the same current I as before, the ampere-

turns for the production of the flux, as well as the latter itself

will now be smaller by cos a {i.e., Ni^= N, x cos a), and th^

E.M.F. E/-^ of the field {i.e., now that on the Sx cos a turns

which is proportional to both flux and turns) will be equal to

Eyj, of the series motor xcos^a. The index s refers to

series, index r to repulsion motor. Through shifting the

brushes we have reduced the flux-producing portion of S,

since part of it, namely S x sin a, is split off for transmitting

the energy to the armature. Now, since e, E^ and E^, (Fig. 105)

form a right angled triangle, and E,-,. decreases with increased

brush shifting, E^^ {i.e., the voltage on the S x sin a turns)

becomes larger and larger, and approaches the terminal voltage

e, the latter being kept constant ; E„ rises and N^ falls with

increasing a. Therefore the speed will go up the more the

brushes are shifted from the neutral position. This affords

a very convenient means to regulate the speed and even to

reverse the motor by shifting the brushes forward instead of

backward. Applying the curtain rule to Figs. 107 and 108

the law can be easily deduced that the brushes of the repulsion

ynotor must he shifted opposite to the desired direction of rotation.

One has to bear in mind that conductor C of the stator (primary

of transformer) induces a current of opposite direction in the

armature conductors closest to it (secondary of transformer).

H2
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The I X S X sin a ampere-turns of the primary transformer

winding will be reflected by the component *„ of the armature
field-turns

current. The ratio 040 X sm a. Therefore
armature-turns

i„=IxO-40xsina.

The useful rotor current ia is if the brushes are in the

neutral zone (a=0), and it reaches its highest possible value

for a=90 deg, namely 040x1.

It will be checked still more in a real machine containing

self-induction and resistance in the armature. So we find that

the armature receives as a maximum only 40 fer cent, of the

current it has been designed for. Since an angle a=90 deg. is

naturally impossible, as no ampere-turns I x S x sin a for the

production of the flux Nj^ would be left, the rotor current

would be actually less than 040, or about one-third or one-

FiG. 107. Fm. 108.

fourth of the current it is capable of carrying. Without pro-

ceeding further with this investigation, we can conclude that

the field winding of the repulsion motor must be stronger than

that of the series motor, compared with the armature winding,

because a very strong component of the field ampere-turns is

split off to induce the armature current.

We can easily see what the ratio, field ampere-turns/arma-

ture ampere-turns, will be in our case. To produce the same

flux Ni=N and to obtain the same speed and power factor

aa with the series motor

A/i=A^x cos a=040 X A„,

Af =stator-ampere-turns,

Aa = rotor-ampere-turns (working component)

Furthei A/2=A^x sin a= A^,.
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A„ is the useful ampere-turns not including the magnetising

component i,„. One might for a moment assume that the air-

gap was so small that *,„-^0, then

A,= VV+V=l-08xA„.
Even if kj^ was as high as 0-70 x A„, which would give a very-

bad power factor, we should only have A^=l-22xA„, so we

may say that with a repulsion motor the field ampere-turns are

about 10 to 20 per cent, higher than the working component of

the armature ampere-turns.

While the component A/^ is equal to the ordinary field wind-

ing of the series motor (which in this case we must assume to be a

distributed one), A/o is just as large as the compensating winding,

namely, equal to the armature ampere-turns, so that the total

ampere-turns on the field and the useful ampere-turns on the

armature are exactly the same as with the series motor. With

the series motor, too, it is quite possible to join field and com-

pensating winding together.

We may, at the same time, fix the angle of brush shifting

from the equation tan a=^ '2. ^^n a=— =2-5; a= 68 deg.
A/2 0-4

The magnetising component of the armature current

producing Ng is, at synchronous speed, *,„= watt component

X.^ =0-73 X watt component. The total armature current

therefore becomes ^1 +0-73- x watt component= 1-24 x watt

component. The armature current is at synchronous speed

24 per cent., and the ohmic loss about 50 per cent, more than

with the series motor, these relations being still worse for the

repulsion motor at higher speed. The higher copper loss

may naturally be met by providing a greater section of copper

in order to reduce the losses for sake of heating

—

i.e., by makin-g

the repulsion motor bigger. With large motors for railways the

increase of size cannot be afforded ; with small motors one may
sacrifice material for the advantage of speed regulation by

brush shifting. Auxiliary apparatus for regulating the speed

is superfluous with a repulsion motor. Even a switch in the

primary circuit is unnecessary to make the motor tops, as we
have only to shift the brushes 90_deg. against the polar line
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to effect this (Fig. 96). In this position there will be no

circulating currents induced into the coils short-circuited by

the brushes touching two segments, these coils not being ex-

posed to the induction of the main flux.

18.—The Core Loss in the Thomson Motor.

It remains to determine the influence the transformation

flux Ng has on the core loss and the coils under commutation.

N^ and Ng are displaced 90 deg. locally and in phase relation.

If Nj and Ng are equal (synchronous speed) they would com-

pound to form a proper revolving field of constant intensity,

as in a two-phase induction motor (Figs. 109 and 110). If

they are not equal, the revolving field is "elliptical"

—

i.e.,

it alters its intensity when revolving (Figs. 109 and 111).

We may again attack our problem in the same way as we did

with the series motor

—

i.e., resolve each alternating field into

two revolving ones of half the intensity. In our case we obtain

two pairs of revolving fields :

—

From Nj, one with the intensity Bj^//2 revolving forward and

a second one 6^,72 revolving backward
;

and from Ng one with the intensity 6,^/2 revolving for-

ward and a second one ^2'J^ revolving backward.

Now the two fields revolving forward add up, the two back-

ward fields subtract each moment, as will be easily seen from

Figs. 112 and 113. Fig. 112 represents the position of the fields

at the moment when N^ has reached its maximum value and

Ng is zero, and Fig. 113 the conditions half a period later

when Ng is at its height and N^ zero. By studying further

Figs. 114 and 115 it will become evident that the forward

direction is the direction of rotation of the revolving armature,

Fig. 114 representing the conditions of Ni=Niinax. and Ii=Iimax>

Fig. 115 half a period later, when i,n='^mm&x.

We obtain a field of intensity, ^^-{-1^J2, revolving forward,

the other one, B^— B2/2, revolving backward. The speed of

either is the synchronous speed n^. The speeds relative to the
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armature are n^—n and w^+w respectively ; or, putting again

n=axn, w,<(a— 1) and %(«+!).
The core losses (chiefly eddy currents) caused by the two

fields are

2?/=constantx (Bi+B2)2x (a-l)2,

^^= constant x (Bj— Bg)^ x (a+ 1)^,

and f total=:^/+;?^= constantx 2(Bi2-|-B22)

x(a2+l)-8a.Bi. Bo.

The stator naturally has zero speed and thus a=0. There-

fore the stator core loss is constant X 2{^^-{-'E^). For a series

motor (B2=0) only Bj exists

—

i.e., in a repulsion motor the stator

core loss is higher than that in a series motor, the transformer flux

Ng and the motor flux N^^ each causing losses the same as if the

ii=ii

vS^Ni=Ni

Fig. 114. Fig. 115.

other was not there. Actually the losses will be somewhat smaller

than this amount because we have assumed the whole core loss

to be due to eddy currents.

As to the rotor loss, we find for ^^^ actual^speed ^^
synchronous speed

and Bi=B2 : 2?tot.=0. With the series motor it would be con-

stant X 2 X Bi^.

Generally we may put for a certain speed n= axng, neglect-

ing saturation

^2^^^=^and2?to:=constantx2Bi2x(l+ a2)(a2+ l)-8«2xBi2

= constant X 2 x B^^ ^ (^2 _ 1^2^ With the series motor, 2?tot.

= constant X 2 x B^^ x {a^+ 1) . The ratio of the rotor core losses

in a repulsion motor to those in a series motor= „ J .

a^+ l



THE THOMSON REPULSION MOTOR. 105

Consequently in the repulsion motor the rotor core losses can be

neglected for speeds in the proximity of synchronism. At very

high speeds the rotor core loss of the repulsion motor is much
higher than that of the series motor {see Curve I., Fig. 116).
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1. Rotor Core Loss of Repulsion Motor at different speeds.

II. Circulating Current Loss of Repulsion Motor at different speeds.

Fig. 116.

19.—Circulating Currents.

The most interesting effect of the transformation field Ng is

that on the circulating current in the coils short-circuited hy the

brushes. Ng is in the same position as was the interpolar space

in the series motor, and therefore its lines are cut by the coil

under short-circuit, and an E.M.F. induced in it. Moreover,

the phase displacement between N^ and Ng is 90 deg.

—

that is, the condition necessary to counteract the circulating

current induced by the alternation of N^. It is most

easy not to calculate for each field singly but to combine

Nj and Ng to form two fields revolving backwards and forwards

at synchronous speed in the same way as we did just nowwhen
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studying the core loss question. Here we have to apologise

again for carrying out the splitting up of the alternating field

into two revolving ones with the series motor where the inter-

polar space makes the existence of proper revolving fields

impossible.

Considering again the synchronous speed first, with the re-

pulsion motor the field revolving backwards is and the field

revolving forwards has no speed difference relative to the rotor.

Therefore, at synchronism, there is no circulating current

induced in the coils short-circuited by the brushes. With the

series motor the E.M.F. induced by the forward and backward

component of the field is in each case constant x B^. Therefore

both together are constant x 2 x B^, irrespective of the speed, the

coil under commutation being always in the neutral zone, just

as if it were part of the stator. The losses are constant x 4 x Bj^^.

No cutting of lines through the movement takes place, as there

is no field in the neutral. With the repulsion motor we may
put the losses caused by forward and backward fields in the

same way as with the eddy current losses, namely, 2x6^2
x{a^— l)^. The ratio of the losses in the resistance connec-

tions in the repulsion and series motor is

"2
'

this relation being represented by Curve II., Fig. 116.

The circulating currents in the coils under commutation with

the repulsion motor are, for speeds in the proximity of

synchronism, either or a small fraction of that of the cor-

responding series motor. With speeds above 1-5 x synchronism

the losses in the coils short-circuited by the brushes rise to

enormous values. At twice synchronous speed they are 4J
times, at 3 times that speed 32 times as large as with the cor-

responding series motor. With the latter class, taking the

losses at synchronous speed as unity, those at twice the speed

are double. To understand fully this important difference in

the behaviour of the two classes of machines, we have to bear

in mind that with the series motor, with rising speed, the field

N becomes weaker and the circulating currents fall. With the
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repulsion motor the lines of the transformer flux Ng are " cut,"

which is very useful at synchronous speed, as we have seen,

but causes very considerable current to flow when the speed

goes up, N2 remaining nearly constant.

In the chapter on series motors we saw that the circulating

currents had a good effect in so far as they shifted the phase of

the field, giving it a watt component, so that the power factor

improved. With the repulsion motor the effect is not quite

the same, as the circulating currents are not induced altogether

through the transformer action of Nj^ but through " cutting
"

Ng mechanically

—

i.e., through exercising torque on the shaft.

This mechanical energy is not altogether transformed into heat,

developed in the short-circuited coils, but partly given back

to the primary circuit in the form of electricity, transmitted

through the mutual induction between the short-circuited coil

and the primary field winding. In the way that we considered

the magnetic condition we had two fields, one revolving back-

wards with the intensity (B^— Bg) and one forward with the

intensity (B^+Bg). The armature coils, when running beyond

synchronism, rotate more quickly than the latter field and

therefore are giving energy back to the stator, thus giving the

primary current a negative watt component in regard to the

field voltage. Consequently the phase displacement between

flux and field E.M.F. is reduced and the power-factor influenced

unfavourably.

20.— Comparison of Series Motor and Repulsion Motor.

Summing up the points of difference between a repulsion

and series motor we may say :

—

1. The speed and power factor characteristic of the repul-

sion motor is the same as that of the series motor, except for

the reaction of the circulating currents in the coils under com-

mutation.

2. The copper loss in the armature and the core loss in the

stator are higher, and the core loss in the rotor and the losses in

the connections between armature and commutator are, in the

proximity of synchronism, lower than that of the correspond-
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ing series motor, the total losses being as a rule higher with the

repulsion motor. If machines of both classes are built in such

a way that they have equal losses the repulsion motor will be

the heavier machine.

3. The repulsion motor offers certain advantages as to speed

regulation and reversing which can be effected by brush

shifting.

4. The armature winding of the repulsion motor can be one

standard winding chosen to give good commutation regardless

of voltage and frequency of the supply. Generally the wind-

ing will be wound for such a low voltage that no resistance

connections in the armature are necessary, the carbon brush

resistance being sufficient to keep down the circulating cur-

rents to a small amount {see our treatment of the subject on

p. 50). This can be done the more easily as at synchronous

speed the losses through circulating currents disappear auto-

matically.



CHAPTER IV.

THE REPULSION MOTOR OF LATOUR-WINTER-
EICHBERG.

21.—The Armature Winding as an Exciting Winding.

In the previous chapter we saw how the armature winding

itself could serve as the secondary winding of a transformer,

the primary being on the stator ; as a matter of fact, the

magnetising current i,n itself, producing the transformer flux,

has its seat in the armature winding. The armature as an

exciting winding can be utilised still further by omitting the

winding W^ of the repulsion motor (Fig. 117) and creating the

flux Ni by a current in the armature (see Figs. 118 and 119).

This current naturally cannot in any case be conducted to the

armature through the short-circuited brushes, because these

brushes have such a position that only a transformation flux

(Ng), not a dynamic flux, can be reproduced. N^ must keep its

position at right angles to the old brush line 2—2, and therefore



110 ALTERNATING CURRENT COMMUTATOR MOTORS.

a second pair of brushes 1— 1 (Fig. 120) with its line at right

angles to the first must be used to conduct the exciting current

to the armature. Fig. 114 is a diagram of the Winter-Eichberg,

or Latour, motor, briefly the L.W.E. motor. In our new

Fig. 118.

—

Production of Flux
BY Excitation from Stator.

Fig, 119.

—

Production op Flux
BY Excitation from Rotor.

motor the stator carries only a transformer winding to transmit

energy to the rotor, exactly as with the original repulsion motor,

the only alteration being that the armature winding is the

exciting winding. At first sight we may predict that the general

character of such a machine is not verv different from that of

the repulsion motor proper, or series motor, hardly anything

being materially changed. What strikes us first of all as the

effect of transferring the seat of the exciting current into the

armature itself is that the leakage flux must disappear, a flux
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amounting to 10 to 15 per cent, of the total when the excitation

is on the field separated from the armature by an air-gap.

The second question to ask would be : What happens if

two currents flow through the same armature winding, the

brushes being displaced 90 deg. from one another ? Calling

(Fig. 121) I the current entering the armature through the

brushes 1— 1 and I^ the current conducted by 2—2, branches

h—c and a—d will carry the current Ii/2+ I/2, the branches

a—h and d—c the current 1^/2—1/2, as can be read off directly

from Fig. 121. Calling r the resistance of one-quarter of the

armature and also the resistance of the total armature measured

between 1—1 and 2—2, we find the copper losses to be

2x(|+^)'xr+2(^2i-|)'xr=P.r+V.r,

Fig. 121.

i.e., the copper loss in the armature is just as large as if the

exciting current was flowing through the armature regardless

of a current being conducted also by the brushes 2—2. In the

ordinary way, if a resistance, r, carries two currents, I^ and I, the

losses would be larger, for \= 1 double as large as if I^ and I

were flowing each by itself.

Thus we can produce the field in the proposed fashion with-

out extra loss, except that caused by the drop in the additional

brushes and their contact resistance, the advantage being that

the leakage is smaller. A disadvantage, or rather a peculiarity,

is that the losses in the armature are larger still than with the

repulsion motor, the excitation losses taking place there instead
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of in the field. Therefore the armature of the Winter-Eichberg

motor will, as a rule, have a larger diameter than that of the series

motor or ordinary repulsion motor in order to accommodate the

extra ampere-turns on its circumference. This is naturally com-

pensated by the dropping out of the exciting ampere-turns from

the stator ; more copper losses in the rotor, less in the stator.

With the ordinary repulsion motor we had—compared with the

series motor—more copper losses in the rotor, but not less in

the stator.

Special conditions are created by the field-turns as well as

the armature-turns being fixed ; in fact, both being identical.

In the motors we have dealt with, the number of field-turns

was smaller than that of the armature-turns and, due to our

now being tied as to the high number of field-turns, a serious dis-

I T

f hiH ^2

1 i^r^
imJ\

laL. r J

-Il+im L _J

Fig. 122.

advantage would certainly be the consequence. Now we have

only to remember that we are dealing with alternating current,

which can be so easily transformed, and a transformer, T

(Fig. 122), may be introduced, the ratio of transformation of

which we are at liberty to make suitable to the particular case.

In this way we may regain flexibility. Very often T is arranged

so that the ratio of transformation can be regulated by alter-

ing the number of turns of the secondary coil.

22.—The Compensation.

We might have dismissed the Latour-Winter-Eichberg

motor as a special case of the repulsion motor, having

no particularly new features, if there were not a new element
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introduced through the brushes 1—1 being shifted 90 deg.

from the direction of the flux Ng. We know that under

these conditions the transformation flux Ng induces an

E.M.F. (Eg) in the armature winding through the latter

cutting its lines and that a torque may be exercised by

this flux Ng on the armature conductors carrying the current

I. To start with, we can say that the torque between

Ng and I will be zero, because I and N^ are in phase

(except for hysteretic phase displacement) and the phase

of Ng is 90 deg. behind Nj^, and consequently also I and N^

have a phase displacement of 90 deg. Naturally, if through

hysteresis lag and other reasons, the angle between I and Ng

A^Iux-Ni

> k Current I

Flux-Na
< «

E.M.F.ofS.1. Ef

Compensating caused through
E.M.F. E2 caused "alternation" of Nj

through "cutting" N2

Fig. 123.

should be altered they would be able to act on one another.

Disregarding this, the torque will be zero. The E.M.F. E.^

induced in the armature winding in the direction 1—1 through

cutting the lines of Ng—as it were, an E.M.F. induced in the

" exciter circuit," the brushes 1— 1 representing only its

" terminals "—is in phase with Ng (Fig. 123) and therefore Eg

is displaced 90 deg. from I. Further we may say that as

Ng is lagging behind Nj^ and I, Eg is also lagging behind I-

Now we have two E.M.F.s. in our exciter circuit 1— 1 (Fig. 123),

the E.M.F. of self-induction E^ (or generally E^^, if we include

armature leakage) caused by the alternation of N^ which was

leading in respect to the current I by 90 deg. and Eg lagging.

Thus Eg tends to compensate E/. We may say : Through the
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armature being used as an exciting winding in the L.W.E. motor

^

besides the harmful E.M.F. of self-induction, a new E.M.F. is

induced in the exciter circuit, which tends to reduce the former.

This E.M.F., Eg, may be called the " compensating E.M.F."

When the motor is running at synchronous speed, the two

fields Nj and Ng have equal intensity , and the speed

of cutting the lines is the same as the speed of alternation ^

so that at synchronism, E., is equal to E^ and com-

pensates it entirely. Consequently there is no wattless E.M.F.

necessary to produce a field just as with the field of a direct

current motor. At synchronism the power factor of the L.W.E.

motor is practically equal to unity.

23.—E.M.F.s, Currents and Fluxes in the L.W.E. Motor.

Fig. 118 shows a diagram of the series or ordinary repulsion

motor and Fig. 119 that of the L.W.E. motor in their simplest

forms,the only difference being the E.M.F., Eg,which reduces the

il

' I2

Fm. 125. Fig. 124.

Im

Fig. 125a.

angle of phase displacement 4>. The diagram of the secondary

(rotor) circuit 2—2 of the two repulsion type motors has been

drawn separately (Fig. 125a), Figs. 124 and 125 referring to the

primary or main circuit only. When Ni=N2 (at synchronism)

the magnetising current for Nj, I'g (Fig. 116) becomes equal

to the magnetising current for Ng, i^_, the number of turns for

both being the same. Generally

V
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and as -1=^= -, where n^ equals synchronous speed and n the

actual speed,

It is interesting to note that the two magnetising currents

have such a simple relation one to another, just as the two

fields.

The relations between the other currents are fixed by the

ratio of transformation of the two transformers

—

i.e., that in

the motor with the windingW (Fig. 122) as primary, q^= ^ and

that in the exciter-transformer T, 5^2= ^•

Then 1^1=^
;

1'=-'^
; V.= l\.'^K

The field ampere-turns producing N^ are I'g X armature-turns,

the " working armature ampere-turns " (rotor ampere-turns

minus magnetising ampere-turns) are I'^ x armature-turns

;

therefore the ratio, field ampere-turns to working armature

ampere-turns is equal to the ratio of transformation of the

exciter transformer divided by that of the motor transformer.

It may appear at first sight as if, on account of its compensat-

ing qualities, the L.W.E. motor might be designed regardless of

the power factor, and that consequently the ratio, field ampere-

turns to working armature ampere-turns, might be very high,

the air-gap being as large as with a direct current machine.

However we are not so entirely free in our design because with a

very high ratio of field ampere-turns to working armature am-

pere-turns the magnetising currents i« and I'ghaving to pro-

duce N2 and Nj will be very large, and will become prohibitive

with air-gaps approaching those of direct-current machines.

With the L.W.E. motor the armature copper losses

are already higher than desirable, the armature having to

carry the exciting currents for both fields N^ and Ng as well as

the working current 1\. If the ratio, field ampere-turns to

working armature ampere-turns, were 1, 1^2 as well as i,,, would

at synchronism be equal to the working armature current I'^.

12
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Consequently, flux and body of the motor being the same, the

ampere-turns in the armature would be three times as much
as with the plain series motor, and one and a-half times as

much as with the plain repulsion motor. It would be hardly

possible to provide enough copper section for this enormous

number of ampere-turns. Consequently, the air-gap, and with

it the magnetising ampere-turns, must be kept as small as

possible with all alternating-current commutator motors for

the following reasons :—

•

With the plain series motor, to improve the power factor
;

With the plain repulsion motor, to improve the power

factor and to reduce the armature copper losses
;

With the L.W.E. motor, to reduce the armature copper

losses.

The ratio of ampere-turns must be kept small, also with

regard to the overload capacity and the starting conditions of

the motor, and the fact that only at synchronous speed perfect

compensation takes place.

* 1 xi, X- magnetising ampere-turns -n ,As a rule the ratio ^ 2 £. will not
working armature ampere-turns

exceed the figure 0-50 in any case. With the L.W.E. motor we

have then ^^=0-b, _?=0-5, and at synchronism when i,n=V2
9.1 I'l

also tt'=0-5. The resultant current r„= 717^*7= M2xl'i
= 2-24 xl'^. The exciting current 1\ flowing through

the brushes 1— 1 is therefore less than half the current flowing

through the pair 2—2 (Fig. 122). Consequently the number

of exciter brushes can be kept smaller. This is usually done

in that way ; that, for instance, with a four-pole motor four

brush arms are provided for the working current (brushes

2—2), but only two brush arms for the exciter brushes 1^1,

opposite segments being connected together.

A few interesting relations between the voltages E^, Vy and

E^ (Fig. 125) may be developed.

We can put

:

^ XT 1 1 No n
E«=constant x n X JNi x - =constant x w, X No X , and ^.-r

= -.
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Further : E/==constant x w^ x N^ x -,

£2= constant x w x Ng X -.

2

Consequently
^,^n N^^/^y

TAe raiio between compensating E.M.F. and E.M.F, of self-

induction in the exciter circuit is equal to the square of the ratio

;,
^- -. At synchronous speed ^=^=1, as we have

synchronous speed E^
already found from general considerations. We see that Eg

changes very quickly with the speed, and that at, say, 25 per

cent, below synchronism

52=0.752=0-56,

so that E^-E2=044 x E^,

only 56 per cent, of the E.M.F. of self-induction is compen-

sated.

F
At twice synchronous speed -2=4 j Ey—E2= —3xEy

The motor would be very much over-compensated, and the

power factor become very small.

Naturally E^ only represents the E.M.F. of self-induction in

the exciter circuit, not including leakage of any sort. Complete

compensation will therefore take place at a speed slightly over

synchronism. The latter speed may artificially be raised to

a certain degree by inserting induction coils in the exciter

circuit.

Other interesting relations are

E2_n q^, E,_n, q^ , ^^ _^ E,
Eo=E.> -^2

1/* WJE, n, q^' %, n q^' ' E

At synchronism 2= _f=?i^
E« i^a %

24.— The Circle Diagram of the L.W.E. Motor.

Through the presence of Eg the circle diagram will have to

be modified for the L.W.E. motor. Fig. 126 shows the circle

diagram for a motor where the influence of the resistances

and core losses has not been taken account of.
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"We make OA=e= terminal voltage ; draw the circle with OA
as diameter, as in the previous diagrams. Again OB is the

useful E.M.F., E„ ; AB is the wattless E.M.F., now no longer

E/, but AB=Ef— Eg, or rather E^— E.^, if the whole self-induc-

tion in the motor is combined.

In order to find E^ itself, which as we know gives us a

measure for the current I, we draw AC vertical to OA and

make AC = ^^xOA. The ratio ^^ mav have been found

experimentally or by calculation. Draw OC, find D by making

OD=DC, and DF vertical on OC. Where DF cuts a line GF

Fig. 126.

45 deg. inclined to OA

—

i.e., at the point F—is the centre of a

second circle which we draw through and C. Producing the

vector AB= E^— Eg, so that it cuts the new circle in H, we

have AH=E/ and BH=E2, AH being at the same time a mea-

sure of the current. This diagram is approximate only, as actu-

ally the locus for H is not acircle. For very high speeds it must

not be used at all. We note that not the " stand still " or

*' short-circuit " current AO is the largest possible, as in the

previous diagrams, but the current AK, where AK passes

through F. This is due to the choking effect of the field (E^)

being reduced by Eg which grows as the speed increases. Eg

subtracting directly from E^, whilst the counter E.M.F. E« is

only at right angles to it. At synchronous speed the current

is AC=?ix AO, or ^ (of the order 0-5) times the short-circuit

Q2 92
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current. Then the power factor OB {see previous circle

diagrams) is unity.

Above synchronism the current becomes a leading one, and

at the same time falls off more and more until at very high

speeds it approaches zero (in the diagram thevalue AL), and leads

in respect to the terminal voltage hij 90 deg. The watt-com-

ponent of the current

—

i.e., the vertical line HM—is, just as in

our previous diagrams, a measure of the output of the machine.

Its maximum is reached if HM 'passes through F. With the

series motor the maximum output was GN,on exactly the same

scale, and was considerably less. Thus, with the same short-

circuit current

—

i.e., the same ratio of field ampere-turns to

armature ampere-turns—the overload capacity of the L.W.E.

motor is larger than that of the series motor. But with all

motors equally, series, repulsion and L.W.E. motors, the short-

circuit current ought to be as large as possible, to give good

starting conditions, there being practically no difference what-

ever in the behaviour at starting, the faculty of compensating

appearing with the L.W.E. motor only when running.

It is not desirable to make our diagram more complicated

by introducing more lines, for instance, for the speed or the

rotor current. The speed as a percentage of the synchronous

speed can be easily found by taking account of the equations

q. E„ q. OB
q^ E^ q^ AH

or n=n.x^~^x^''=n.x'^^x^=n.x'^''xUnILOB,
Qi ^ qi OB q^

^ /Eo /HB
or n=n.Xyyg^=n.x^ ^.
We may calculate the speed from the amount AP cut off by

OB from the vertical AC ; where AP=OAx^x f^'-**^), so

that AP is actuallv only a measure of ( "— -
) , from which -

\n nj n^

must be calculated. When AP becomes identical with AC,

the speed is 0'618 of the synchronous speed. It is necessary

to start from the dimension AP if it is desired to find the cur-

rent, power and power factor when the speed is given.



120 ALTERNATING CURRENT COMMUTATOR MOTORS.

The rotor current passing through the brushes 1—1 naturally

is ri=AH. The working component in the portion of the

rotor short-circuited by means of the brushes 2—2 is

I'2=I'i X ^, whilst its magnetising component i^, can be
%

found from the relation ^'^ =—

•

1^2 ^«

The true locus of H can be found graphically or by calcu-

lation, considering that

It is the object of the circle diagrams for the ideal motors

to compare in principle an ordinary series motor with a repul-

sion motor of the Thomson or Latour-Winter-Eichberg type,

the supposition being that the same iron body is used in all

cases, that the normal fluxes are the same, the ratio

field ampere-turns/working armature ampere-turns being

assumed as 0-4 or 0-5 or on similar lines. In dealing with a

'particular case it is, as already explained, preferable to con-

struct a linear diagram for every point of the load, taking

account, as much as possible, of every detail, such as leakage

and saturation, the latter making the attempt to construct a

circle diagram more or less futile

SPECIAL TYPES.

If we had defined as normal types the plain series and the

original repulsion motor, the motors with and without trans-

formation of the armature energy, the L.W.E. motor ought to

have been treated as a " special type," because nothing dis-

tinguishes it from the repulsion motor except the field being

excited from the armature instead of the stator. The two pairs

of brushes with a two-polar machine and the induction of the

compensating E.M.F. in the exciter circuit, however, make it a

separate class of machine with some new features.



CHAPTER V.

SPECIAL TYPES.

25.— Modifications of the Series Motor.

The series motor is so simple in itself that very few essential

modifications are possible. The compensation of the arma-

ture reaction through short-circuiting the compensating wind-

ing has been dealt with (p. 38), as well as means to improve

the power factor, by shifting the phase of the flux, and means
to suppress sparking and circulating currents by special wind-

ings on the commutating poles (pp. 43 and 57).

The solution of the mechanical problems connected with the

series motor has given rise to some special designs. The

resistance connections of the armature are generally of high

resistance metal (usually German silver) so as to obtain the

necessary resistance with as short a length as possible, the

resistances being placed in the slots themselves as indicated by

Figs. 127, 128, 129. As an example of a different arrange-

ment we may mention that of the Siemens-Schuckert Company
(Richter) where the resistances are made of ordinary high con-

ductivity copper, having for producing the resistance quite a

considerable number of turns and being placed under the pole

tips instead of the " neutral " so that the current flowing

through it produces some torque (Fig. 130).

The Siemens-Schuckert Company have combined the main

field winding, the compensating winding and the windings of

the compensating poles into a uniform resultant winding with

identical former-wound coils, the whole " splitting " off of the
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different portions being carried out by special connections.

In this way some copper is saved and the copper loss reduced,

the "resultant" winding containing less ampere-turns than the

algebraical sum of its components.

::::

:--.

itor

Gennan Silver Strip

Fig. 127. Fig. 128.

Fig. 129.

Commutator^.^' ^>\Winding

Fig. 130.

26.—Modifications of the Thomson and Latour-Winter-Eichberg

Repulsion Motors.

The repulsion motor has been brought to great perfection by

Messrs. Brown, Boveri & Co., who are applying an arrangement

devised by Dery, the chief advantage of the repulsion motor,

namely, speed regulation by brush shifting, having been

developed specially.
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The motor has two pairs of brushes, which are short-circuited

in pairs, as shown in Fig. 131. Brushes 1 and 2 are fixed,

whilst 3 and 4 can be shifted in order to effect speed regulation.

The two pairs of brushes are equivalent to a single set 5—6. If

a is the angle by which the brushes 3—4 have been shifted out

of the pole line the effect is the same as if the resultant brush

had only been moved by a/2 deg., so that there is very much less

sensitiveness as to brush position. With a small four-pole

machine the whole of the regulation would have to be effected

with the original repulsion motor by shifting the brushes over

a quarter of the commutator circumference, i.e., a few inches.

With the Dery motor 180 deg. of the commutator are available

for regulation. One further peculiarity resulting through the

Fig. 131. Fig. 132.

application of four brushes may be mentioned. Fig. 131

shows the diagram of a Dery motor, where the stator winding

has been resolved in the exciter and transformer winding Aj

and Ag. It is interesting to see that the conductors between

1 and 3 as well as those between 2 and 4 do not carry any

current. Therefore the armature winding becomes more

effective as to its magnetising power, because the leads between

1—3 and 2—4 would have contributed to the resistance of the

armature,but only a very little to the production of magnetism.

{see our discussion in Section 4 on the Distributed Winding).

Other methods to improve the rotor winding in this respect

have been suggested by Latour and Panielson (Fig. 132) who.
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with an ordinary series motor, apply four brushes for each pair

of poles. The principle made use of is the same as that just

developed. Here the angle between the brushes is 90 deg., so

that they may be connected also in the L.W.E. fashion, in order

to utilise the good qualities of this motor when running in the

proximity of synchronism. As a disadvantage must be con-

sidered the broad neutral zone of 90 deg. as far as commuta-

tion and utilisation of armature winding is concerned ; for the

same reason great difficulties result when commutating poles

are used.

In Chapter V. we pointed out the difficulties in building an

alternating shunt motor which would run at constant speed.

The problem did not admit of a practical solution because the

Fig, 133.

field winding is an inductive resistance and therefore the

exciting current if and the flux N lag nearly 90 deg. behind the

terminal voltage. Now, we saw in the sections on the L.W.E.

motor that the exciter circuit, placed on the armature in this

case, has, when revolving at synchronous speed, no longer any

inductive resistance, its E.M.F. of self-induction E^ being

balanced by the compensating E.M.F. , Eg. Therefore, if a

L.W.E, has reached synchronism the exciter brushes 1—

1

might be switched over on the main voltage ; naturally,

using a transformer as the exciter circuit necessitates only

a very small voltage, somewhere near 10 per cent, of the

exciting voltage necessary without compensation (Fig. 133).
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Such a motor must be started as a series motor. The small

exciter transformer may be embodied in the motor itself by

providing co-axial with the winding W (Fig. 134) a small wind-

ing w oidi. few turns, which are connected to the brushes 1—

1

(Fynn's motor). In order to facilitate the switching over

from the starting to the running arrangement, a scheme has

been devised by Osnos which allows this to be effected by

simply closing a single-pole switch. This method (Fig. 135)

is being used by Messrs. Lahmeyer. As the starting connec-

tion is not interrupted, when w is switched on, the exciter cir-

cuit 1—1 is excited both by the main current and by the cur-

rent derived from w. Should the speed rise, the main current

dropping, the motor cannot race because there is always the

supply of current by w.

Fig. 134. Fig. 135,

Arnold and Lacour have devised a method to regulate, to

a certain degree, the speed of such a " shunt type" motor.

They not only excite the machine from the rotor, but also

through a stationary winding connected in series with the

rotor exciter circuit (brushes 1 — 1) and co-axial with the

latter. Both circuits may be connected together either so

that their ampere-turns add or substract. In this fashion the

field Nj and with it the E.M.F. of self-induction of the field

circuit (E^) {see Fig. 125) may be altered, a new speed where

the compensating E.M.F., E3=E/ resulting. By employing

several steps on the stator exciting winding, or by means of

induction coils {see p. 117), a finer grading of the speed is

possible.





CHAPTER VI.

EXAMPLES AND PERFORMANCES OF
COMMUTATOR MOTORS.

27.—Series Motors.

The series motor of Messrs. Siemens has the following fea-

tures {see also pp. 59 and 121) :

—

Stator of " Induction motor."

Commutating poles with shunt and series winding.

Combination of all stator coils into one resulting winding

with former-wound coils.

Resistance connectors between armature winding and com-

mutator consisting of copper and have several turns, forming

a proper coil.

Fig. 136.

Fig. 136 shows diagrammatically and Fig. 138 the photo-

graph of a stator with the older type of winding where exciting

winding (E), compound winding (K), shunt and series coils on

the commutating poles (N and H) are each wound separately.

Fig. 137 is the diagram of connections, where A= armature

and T the main transformer.

A stator with former-wound coils is shown in Fig. 139, Fig.

140 being the diagram of connections belonging to it. These
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Fia. 140.

Fig. 143.

—

Siemens Motor.

A.C.C.M. K
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illustrations refer to small machines, whilst in Fig. 141 the

stator of a machine for 175 h.p., 700 revs, per min. and 25

periods is reproduced. Fig. 142 shows the armature and Fig.

143 a view of the complete motor.

Fig. 141.

Fig. 142.
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The Oerlikon motor :

—

Stator of " Induction motor " (closed slots).

Commutating poles with only one winding (H) carrying the

main current.

Branches in parallel with H are formed in order to alter the

phase of the current in H so that it tends to reduce the circu-

fi

Hi fW

F

F

Fig. 147.

lating currents (p. 59), either by means of resistance (W),

Fig. 144, or various connections, as shown in Figs. 145 to 147.

S= Choking coil. AT= Auto-transformer.

The compensating winding (K) is short-circuited in itself.

No resistance strips in the armature.

K2
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Figs. 148 to 153 show sectional drawings and photographs of a

six-polar railway motor for 225-250 volts, 60 h.p. and about

750 revs, per min. The motor, including gear, has a weight of

3,700 lb. The gear ratio is 1 : 5-15. The motor may be used
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FiQ. 150. Fig. 151. Fig. 152.

Fig. 153.

40 1-0

0-5

200 400

Kg. Torque at Circumference of Wheel.

Fig. 154.—60h.p. Oerlikon Motor.
»= Current in amperes-
J=Speed in kilometers per hour at circumference of wheel.
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for direct current also, the compensating winding being used

in series with the main field winding for excitation, and the

voltage being reduced about 25 volts. Performance curves

V. Amp

60 30O

40

^

100
-

\ j/^
y

>^ L V at 200 V
__

^
vat my

^

iOO ecu soo

K(j, Torque at Circumference of Wheel,

Fig. 155.—60H.i'. Oerlikon Motur. (.Sec Fig. 154.)

V. Amp.
300

200

30O

200

100

y

Volt

/^ Power factor

/ ^Volt

05

500 iUOO

Kg. Torque at Circumference of Wheel.

Fig, 156.

—

Startimq Torque of 60 h.p. Oerlikon Motor.
With alternating current'
With direct current.

for starting and running with alternating and direct current

are plotted in Figs. 154 to 156.
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Fig. 157 shows a 200 h.p. motor for 15 periods, 220 volts,

650 revs, per min., the weight of the motor without gear being

Fig. 157.—200 H.r. Oerlikon Motor.

L"
1

/
y

A^
i

y
200 1,000

900

s 800

j^ 700

1 600

g 500

1 400

f 300

|i 200

100

1 /'

] >ov Facto

^ "^
^X — ^

180 -ki
-—

1

?^

140

^ 100

80

60

40

20

/
y' '^

JH ^^
1

r
/
^ ^y ^^

1 / ,y^ ,p6^'^^
—i^^ "> ''

If
/ ^^

/ ^^
1 ^
^" _ __ ___ __ 1 __

100

90

70 .S

50 ^-

3a
^

20

25 50 75 100 125 150 175 200 225 250
Horse-power

Fig. 158.—200 h.p. Oerlikon Motor.

about 7,0001b. Fig. 158 is the performance curve of this

motor for constant current. Curve I is that of the voltage.
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Messrs. Kolben, in Prague, have built the six-polar motor

shown in Fig. 159. It is for 10 h.p., 220 volts, 50 periods, 1,000

revs, per min.

The commutating poles have shunt winding only, which is

wound so that it can be connected direct to the supply voltage.

The armature is series wound and has resistance connectors

consisting of thin copper wire of several turns wound bifilar

(not proper coils as with the Siemens motor) and placed in the

slots on the top of the armature winding.

When used as an alternating current motor the efficiency

is 65 per cent., the power factor 85 per cent. When used as

a direct current motor, the efficiency is 71 per cent.

Fig. 159.—10 h.p. Kolben Motor. Fig. 160.—Auto-Transformer.

The exciting winding is arranged in two parts, which are

usually in parallel, but can be connected in series if it is

desired to run the motor with direct current.

Fig. 160 illustrates the auto-transformer used for starting

the motor.

The firm who were the first on the market with alter-

nating commutator motors is the Westinghouse Company,

Their motor (type No. 132) is represented by Figs. 161 to 164:.
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Fig. 161.

—

Wbstinqhouse Motor.

Fig. 162.—Wbstinqhouse Motor.
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The motors have " concentrated " field coils (p. 15), no

conimutating poles being provided. The connections between

armature winding and commutator consist of German silver.

Fig. 163.

Fig. 164.

Fig. 165 is the performance curve of a 100 h.p. motor for

225 volts, 25 periods. The weight of this motor is 5,200 lb.,

including gear and gear case.
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Volts. 25 Periods. 18 : 66 Gear Ratio. 36 in. Wheels.

The machines of the General Electric Co. are built on similar

principles to those of the Westinghouse Company. Their motor

GEA 605 A is shown in Figs. 166 and 167. It has four poles,

Fig. 166.,
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and is rated at 75 h.p., 250 volts, 25 periods, 750 revs, per min.

The weight of the motor is 4,200 lb. net, that of the armature

alone 1,2001b. Performance curves for this machine when

Fig. 167.
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supplied with alternating current and direct current are given

in Figs. 168 and 169. In the latter case the field coils are all

connected in series, ordinarily they are in parallel,
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28.—Bepulsion Type Motor.

^: Motors of the Winter-Eichberg type are manufactured by
tlie Allgemeine ElehtriziUits Gesellschaft in Berlin.

Fig. 170.—we Motor of the A.E.G.

Fig. 171.—we JVIotok of the A.E.G.

Figs. 170 and 171 are external views of the six-polar motor,
WE 80, for 850 volts, 25 periods, 350 h.p., 450 revs, per min!
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(highest speed 900 revs, per min.). Figs. 172 and 173 are the

performance curves of this machine for starting and running

conditions.

External views of a WE 42 for 80 h.p., 25 periods, 750 revs,

per min, (1,300 max.) and 650 volts are given in Figs. 174 and

Fig. 174.

Fig. 175.

175. The number of poles is four. The pictures show the

ventilating system employed with these machines.

The motors WE 51 V (Figs. 17« and 177) are those of the

Hamburg City and Suburban Eailways. The output is
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115 H.P., 600 revs, per min., 750 volts, 25 cycles, number of

poles=4. In Fig. 180 commutating coils can be distinguished

on two of the four poles (that in front and the upper pole).

Figs. 178 to 180 show diagrams of the voltages of this motor.

Commutating
coil.

Main magnetising
coils.

Fig. 177.

The two figures, 181 and 182, represent smaller motors, Fig.

181 a six-polar 40 h.p. machine for 40 periods and 600/1,000
revs, per min. Fig. 182 is a lift motor with six poles for 5 h.p.,

800 revs, per min., 40 periods, with centrifugal switch.

A.C.C.M, T



0-1 Back E.M.F. in stator (Ea).

l-2 0hmic »Drop in stator and short-circuited

2-3 Inductive / armature circuit (2-2) Fig. 120.

tt IMui?ive 1 ^^°P i^ *^« transformer.

5-6 Ohmic ) Drop in the exciter armature circuit

6-7 Inductive [ (1-1) Fig. 120.

2-7 Total E.M.F. of self-induction E^
7-8 E.M.F. (Ev,) of compensation.

Fig. 178.—Winter-Eichberg

Motor, 115 P.S., 25 Cycles,

900 KP.M., 750 Volts,

4 Poles.
"^ Batio of transformation of

exciting transformer -0-75 : 1.

Fig. 179.

—

Winter-Eichberg

Motor, 115 P.S., 25 Cycles,

900 R.P.M., 750 Volts,

4 Poles.

Ratio of transformation of
exciting transformer 1 : 1.

247

^i^-3
249
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Fig. 180.—WiNTER-EiCHBKRa
Motor, 115 P.S., 25 Cycles,

900 R.P.M., 760 Volts,

4 Poles.

Katio of transformation of
exciting transformer 1:1.

190

427 6

Fia. 181.
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The Fynn motor, manufactured by Messrs. Alioth in Bale,

is shown in Fig. 183. This class of motor is standardised espe-

cially for lifts. As a rule they are supplied for 50 periods as a

%

-^x

Fia, 182.

maximum, larger machines (over 10-15 h.p.) being built for

25 cycles as the highest frequency. The running and starting

Fig. 183.

performances of an IMF 2 type for 1-25 h.p., 250 volts, 50

periods, 1,000 revs, per min., is given in Figs. 184 and 185.

The motor has six poles.
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A view of the Osnos motor, the " double-circuit motor " as

built by Messrs. Lahmeyer in Frankfort, is shown in Fig. 186.

The performance curves Figs. 187 and 188 refer both to the

same motor, type DGVI for 6J h.p., 120 volts, 45 periods,
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the exciter voltage being 6 and 5 volts respectively. Figs. 189

and 190 are running and starting performances of a DG IX for

10 H.P., 220 volts, 50 periods.
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PREFACE.

Previous to the appearance of the series of Articles on Com-

mutator Motors which form the basis of the preceding Book,

the Author published in " The Electrician " the result of his

experience on the Leakage of Induction Motors. This treatise

contained many tables and curves intended for the handy use

of the designer of Induction Motors, and from several quarters

interest in the matter was expressed. Publication in book

form was, therefore considered advisable, and—the matter

being too short for a separate volume—it has been decided to

attach it to the book on Commutator Motors.

R. GOLDSCHMIDT.

M2
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THE

LEAKAGE OF INDUCTION

MOTORS.

An important problem of electricity which is so complicated

that an exact solution is practically impossible, usually causes

numerous approximate solutions to be put forward. This

has been so with the predetermination of the leakage of

induction motors, where exact calculation is almost excluded.

The importance of the leakage problem is borne out by the

fact that the overload capacit}^, the power factor and the

starting torque—in fact, the whole performance of the motor

—depend on it. All dimensions of the machine are partly or

entirely influenced by it, so that the creation of approximate

methods was a necessity.

Of the methods published, only those more recent ones need

be considered which more or less take account of the leakage

of the coil ends. We will mention

1. BeJm-Eschenburg, who gives a formula consisting of

three parts, the three coefficients of which have been found

entirely empirically.

2. Behrend' sformula, which originally possessed only a single

empirical coefficient, but which has been enlarged by Hobarty

and in his form contains three factors found by experiment.
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3. Adams' method, which is based partly on calculation

and partly on test.

The methods 1 and 2 are excellent for quick and approxi-

mate calculations. They are, however, not generally applicable,

as only a few dimensions are taken into account. One is not

safe from surprises in one or the other special case.

We shall go into the formula of Behrend and Hobart,

which is so tempting by its simplicity, and we shall proceed

to find the conditions on which it is based.

The method of Adams is rather complicated. It is, no doubt,

correct to carry the calculation as far as Adams has done it, or

rather, further still, before resorting to experiment, but the

results might perhaps be more compact, as long formulae con-

taining the smallest dimensions are very difficult to handle,

and do not make the calculation clear.

It is only recently that the importance of the coil end

leakage has been recognised, the latter being often greater than

that of the slot leakage. However, up to now no practical

data have been published showing how the coil end leakage

depends on the class of winding and the type of the coils, and

from what point of view the best results can be obtained.

Furthermore, nothing has been published as to how the leak-

age conditions are arrived at with two-phase and single-phase

machines.

This treatise has been prepared ivith the object of developing

methods for the calculations of the no-load current and the leakage

of three-phase, two-phase and single-phase motors, taking account of

all infiuences as far as possible. The preservation of simplicity in

our methods will be a leading principle.

Table of Symbols.

« = Minimum width of teeth in centimetres.

i = Width of slots in centimetres.

c, C, h, K = Constants.

d = Diameter of rotor in centimetres.

€ = Voltage.

/= Index for "iron."

^ = Opening of slots in centimetres.
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G = Lengths of the straight portion of the teeth.

h = Height of slots.

i = Current.

^,K = Constants and index for "short-circuit."

I = Length of iron in axial direction (core length),

m = Total number of slots.

n = Number of slots per phase per pole.

N = Number of lines of force.

jo = Number of poles.

r = Radius.

R = Magnetic resistance, reluctance.

S = Total number of conductors per phase.

s = Number of conductors per slot.

i=Slot pitch.

T = Permeability for lines of force.

2; = Number of slots per phase.

= Index for '

' no load."

1 = Index for stator.

2 = Index for rotor.

A = Air-gap.

V = Frequency per second.

I.—The Circle Diagram.

If the electrical and magnetic conditions of electrical

machines— as, for instance, induction motors— are of a com-

plicated nature when working under normal full load, the in-

vestigation is usually split up into two portions : (1) No load,

{2) Short-circuit.

The " normal load " is " between both," and its conditions

can be calculated from short-circuit and no load, or can be

found by the construction of a diagram. A source of mistakes

with these diagrams is the supposition that the occurrences

at short-circuit and at no load can take place at the same time

without disturbing one another.

For practical application and for comparison it is advan-

tageous to replace the diagram and the formula by explicit tables

giving figures for all practical cases and enabling quick and

ready application.
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We desire to represent by tables two relations :

1. The relation between power factor and coefficient of leak-

age at different loads. (Tables I. and II.)

2. The overload capacity dependent on the energy consumed

by the motor at short-circuit. (Table III.)

We put ^n= no-load current.

%= short-circuit current.

i'K=iK/sin<^K.

cos <^K= power factor at short-circuit.

The ratio iJi\^= T is very nearly equal to Heyland's leakage

coefficient. It fixes the main dimensions of the diagram.

Table I.—Poiver Factors of Induction Motors loith Slip-rings.

Leak- Degree of load.

age fac-

tor r'. J i 1 1 H
0-945

li

0-935

1^ ''
'^k

0-03 0-85 0-93 0-95 0-95 0-925 0-895 0-805
0-05 0-74 0-865 0-91 0-92 0-92 0-915 0-905 0-88 79
0-07 0-66 0-81 0-875 0-90 0-905 0-90 0-89 0-87 0-78

0-10 0-565 0-73 0-825 0-86 0-87 0-87 0-865 0-845 0-77
0-13 0-505 0-66 0-76 0-81 0-83 0-84 0-84 0-825 0-75
0-16 0-46 0-615 0-715 0-77 0-80 0-81 0-81 0-80 0-735
0-20 0-42 0-55 0-66 0-725 0-76 0-78 0-785 0-78 0-72

0-25 0-385 0-51 0-615 0'68 0-72 0-745 0-755 0-755 0-70

Table II.—Poiver Factors of Induction Motors ivith High-reiistance

Short-circuit Rotors.

Leak-
age fac-

tor r'.

0-03

0-05
0-07
0-10

0-13
0-16

0-20

0-25

Degree of load.

0-84

0-715
0-635
0-525
0-47

0-425
0-41

0-375

0-935
0-86

0-80
0-71

0-64
0-59

0-65

0-605

0-95
0-91

0-875
0-805
0-75

0-70

0-655
0-60

1

0-955
0-93
0-90

0-85

0-805
0-765
0-725
0-676

li

0-955
0-93
0-91

0-87

0-835
0-80

0-76

0-72

0-95
0-93

0-91

0-88

0-85
0-82

0-79

0-75

—
0-94
0-92

0-905
0-88

855
0-83
0-80

0-77

925
0-905

895
0-87

0-85

0-83

0-805
0-775

2J

0-86

845
0-835
0-815
0-80

0-785
0-77

0-75

Table III.—Ratio between Maximum Output and Short-circuit Energy.

Cos<^

0-10
0-20
0-30

0-48

0-42

0-385

Cos 01 Cos 0K-

0-40

0-50
0-60

0-36

0-335
0-315

0-70

0-80

0-295
0-285
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A certain magnetising component (about ij'!) ought to be

subtracted from the short-circuit current observed,* this com-

ponent being required to produce the flux for interlinking

primary and secondary windings at short-circuit. Our i\ does

not contain this component.

Dealing with test results it is easiest to introduce i^ instead

of z'k and to calculate with T'=i'o/%. Cos </)k is of small influence

on the power factors, especially so on those at normal load and

small overloads.

Allowing, at 100 per cent, overload, an error of about 2 per

cent., and at normal and smaller loads an error of about J per

cent., we can give the relations between cos <^ and t' in the form

of two tables. The two groups of machines represented by these

two tables are

{a) Machines with slip-ring rotors. (Table I.)

Cos <^K=0-20 to 0-40.

{b) Machines with short-circuit high - resistance rotors.

(Table 11.)

Cos </>„= 0-45 to 0-65.

These tables have been worked out for machines with 125 per

cent, overload capacity. They naturally can be made use of

with machines having other overload capacities. For instance,

a machine with a maximum load of i^ times normal the power

factor at normal load is the same as that at half-load with a

machine having a maximum load of 2 J times normal. The

scale of loads only has to be changed in the ratio of the given

over-load capacity to 2J. The value 21 has been chosen with

a view to normal conditions with polyphase motors.

As the vector of the short-circuit current fixes the circle of

the diagram, and the maximum output appears as a line be

tween the circle and the chord (Fig. 1), the maximum output

of the machine is proportional to the energy consumption in

kilovolt-amperes at short-circuit, provided we multiply by a

factor, A, only dependent on cos <^k-

* See the Author's article deaUng with this subject in the ElektrO'

technischo Zeitschrift for 1900.
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If e is the voltage per phase, u the number of phases, we can

put:

—

Maximum horse-power= A x m x g x iJ74:Q. . (1)

A is to be taken from Table III. A averages, for motors

with slip rings, 0-39 ; for motors with short-circuit rotors,

0*32

—

i.e. J the maximum output of a motor is 32 to 39 per cent,

of the energy in hilovolt-amperes it consumes under full voltage

when the rotor is locked.

To obtain an overload capacity of 125 per cent, the machine

must he built so that the apparent short-circuit energy is equal to

Fig. 1.

6 to 7 times the normal output, or if the power factor at normal

load is 0*87 and the normal efficiency, say, 0*84, the short-

circuit current must be 4*3 to 5*2 times the normal current.

These figures can easily be corrected. They must be changed

proportionately for dififerent efficiencies, overload capacities, &c.

II.—The No-Load Current.

The no-load current of an induction motor consists of the

magnetising component and the watt component for covering

the losses at no-load. The magnetising component is by far
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the larger (Fig. 2). The power factor—i.e., the ratio of the

watt component to the total current—is rarely larger than

0*25. The magnetising current is, therefore, Vl — 0*25-^= 0-97

of the no-load current. Practically both are equal.

That we are justified in neglecting the small difference is

shown by the following consideration : A machine with a rotor

diameter of 30 cm. has an air-gap of about 1 mm. If the radius

of the rotor is only one-twentieth of a millimetre too small or

too large, the air-gap becomes inexact within 5 per cent., and

the error in the no-load current is almost equally large. With
practical machines of the same tj^pe the no-load currents vary

about 15 per cent, from one to the other.

We shall neglect the influence of the watt component on the

no-load current altogether.

Magnetising Component

Fig. 2.

If a given winding is under the influence of a certain alter-

nating voltage and frequency, a number of lines of force are

produced, the maximum of which can be found from the

equation
e=2-22xSxvxNxlO-« (2)

e = Root-mean-square value of the voltage.

N = Maximum number lines of force.

S = Number of conductors.

V = Frequency per second.

With an induction motor we have to put :

e = Voltage per phase.

S = Total number of wires of all coils which are connected

in series in each phase.

N = The maximum magnetic flux per pole.

This formula holds good only in the case where the mag-

netic flux is fully enclosed by the windings

—

i.e.y only in the
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case of one slot per phase per pole (Fig. 3). If the winding is

distributed over several slots per phase per pole—for instance,

Fig. 3.

over four (Fig. 4)—we have to consider this case as if four

different windings were there, each occupying only one slot

per phase and pole.

-1802.,^

Fig. 4.

With all induction motors on no-load, practically a sinoidal

revolving field is produced. This is effected by the co-operation
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ot the different phases of the stator or indirectly through the

influence of the rotor. The E.M.F.s produced in the four

windings by the revolving field are, therefore, sinoidal and

displaced in phase by the angle a between the slots (pole-

pitch =180 deg.) (Fig. 4).

If e is the voltage in each of the four windings and S' ^-
'-

the number of wires per winding, we find

e' = 2-22xS'xvxNxlO-^

The four e' must be added graphically (Fig. 5).

Carrying out this addition for different angles, a

—

i.e., for

different numbers of slots—we can put

e = 2-22xA;oXSxvxNxlO-« . • . (2a)

With one slot per phase per pole the winding constant Uq is

equal to unity. For two and more slots per phase and pole

we may introduce an average figure for ^o and put

For three-phase motors /i;o = 0'96
^

„ two-phase „ /(;o
= 0*91 I . . (2b)

,, one-phase „ A;o = 0-84 I

With single-phase current we assume that the winding is

distributed over two-thirds of the inner surface of the stator.

Introducing these figures, we find

For three-phase motors e= 2-13 xSx vxNx 10"^^

„ two-phase „ e= 2-02xSx vxNxlO-4 . (2c)

,, one-phase ,, e= l-86xSx»'xNx 10~H
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A special correction is necessary if the span of the coils is

smaller or larger than the pole-pitch. This is a usual arrange-

ment with open slots and machine-wound coils. Fig. 6 shows

the coils of one phase with three slots per phase per pole and

a reduction of span by one slot. The correction is easily

, of Coil Span

Fig, 6.

calculated if we consider that the two sides of the coil which

are embedded in the iron have E.M.F.s induced in them which

have no longer the same phase, but are displaced from each

other by an angle jS.

The tension per coil is (Fig. 7)

/?
<? = e'xcos-.

Fig. 7.

Formulae (2c) are modified, a factor ki being introduced at

the right-hand side, where ^i= cos^.

The reduction of span can be chosen very large up to about

90 deg. and less if it is desirable to save space for the coil ends.
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A very short span of the coils, however, causes an imperfect

field. The theoretically best figure for the reduction of span

P is about 60 deg.

We may put as a practical average ,^ = 45 deg. and find

/fi = cos (22J deg.) =0*92, and our formulae for reduced span

become

For three-phase current e = l-95xSxvxNx 10"^^

„ two-phase current e = 1 -85 x S x v x N x 10~^
-. . /2d)

,, one-phase current 6=1*71 x S x vx N x 10~^j'

We have to deal with a very short span in the case where
the speed of the induction motor is to be altered by altering

the number of poles. Figs. 8 and 9 show diagrammatically the

Fig. 8.

Fig. 9.

connections for y poles and 7:>/2 poles. The signs + and —
indicate the direction of the current in the embedded portions

of the coils. The change of the number of poles has been

effected by reversing the current in the coils 11. and IV., &c.

The j?>pole connection (Fig. 8) is quite normal, whilst with the

|)/2-pole connection (Fig. 9) the pole pitch (180 deg.) is double

as large as before, the coil span being the same. Therefore,

the reduction of the span is 90 deg. and the coefficient ki

becomes cos (45 deg.) = 0*70.

Having calculated the total number of lines per pole N, we
find the mean density in the air and in the teeth by dividing

A.C.C.M. N
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N by the air section and tooth section per pole respectively.

This mean value is of small significance for the iio-load current,

the latter being influenced by the maximum density, which,

with sinoidal distribution of the flux, is 7r/2 times the mean
density.

We put :

—

Q^ = Minimum of the total section of all teeth.

p = Number of poles.

^' = Minimum of the tooth section per pole.

Q/= Total air section.

Bf = Maximum density in the air.

B^ = Maximum density in the teeth.

Then the general formulae for calculating these densities

become

^'-^'-~:-m,
<^^>

The constant becomes

For three-phase Co=0"74.

„ two-phase Co=0*78.

,, one-phase Oo= 0-85.

With reduced span of the coils these figures must be divided

by ^'x-

The ampere-turns required to drive the magnetic lines of

density B^ twice through the air-gap A are

AW,= J^xB,x2xA = l-6xB,xA. . . (4)
4X73-

The path of the magnetic lines in the iron consists of the

path in the yoke of stator and rotor and that in the teeth.

The ampere-turns AW^ for the yokes can be calculated in

the well-known way by means of a saturation curve for the

iron after finding the mean density B^=N/2Qy. Q^r^yoke

section. The mean length of the magnetic path for the yoke

can be put equal to the arc over one pole. AW^, is usually

only considerable with machines having few poles and low

frequenc3^



THE NO-LOAD CURRENT. 171

The ampere-turns for the teeth, AW^, evidently depend

not only on the maximum density (point a in Fig. 10), but

also on the density in the rest of the teeth. Constructing

a curve for the density in a tooth, and starting from the sec-

tion a with the density B^, we find that the density drops

hyperbolicallybecause the tooth section increases proportionally

to the radius r (Fig. 10) and "Section x density" is constant.

We put r^=AB, 7ii=number of slots in the stator, G= the

length of the straight portion of the tooth, B^/Bfri = (r^+^) j

or after transforming we find for o: = one centimetre

1
^icmj^t

1 + 27r/a7i*i

Fig. 10.

This expression is the decrease of density per one centimetre

length of tooth, and it only depends on the sum of all ^^ minimuin

thicJcnesses " of teeth^ n^ x a—i.e., with given n^xa the form of

the B curve is fixed.

Besides the B curve. Fig. 10 shows also the curve of the

ampere-turns per centimetre belonging to the different densi-

ties. The integral of these AW per centimetre for the

amount G is the total number of ampere-turns required for

this part.

N2
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Inconsequence of the very quick dropping of of theAW curve in

Fig. 10 {for machines with n^y.a<10 centimetres) the integral value

of the tooth ampere-turns is within practical limits only very little

dependent on G.

We could draw a set of saturation curves for different values

of Tij X a which make the ampere-turns per tooth directly de-

pendent on B^. One fact, however, makes all these calcula-

tions inexact. As soon as the tooth on the place of the

maximum density begins to get saturated the neighbouring

teeth take up a larger number of lines of force, so that the

field distribution ceases to be sinoidal and the maximum
density will be smaller than calculated. Another source of

error is due to the lines of force entering the slots themselves

when the teeth begin to get saturated.

If the density in the teeth in stator and rotor is approxi-

mately the same, Table IV. can be used with advantage. This

table gives average figures for the ampere-turns required to

magnetise two stator teeth plus two rotor teeth made depen-

dent on B^ only, and without regard to the length of the

teeth and the radius of the rotor. These values are average

figures from a large number of curves observed on actual

machines. They cannot claim great accuracy, but in most

cases it is sufficient At any rate, they are very convenient

for calculation.

Table IV.

Bt Max.
tooth-

density.

(Formulas)

15,000
16,000
17,000

Total
amp.-turns

for

teeth.

60
90
125

Bf max.
tooth-

density.

(Formula 3)

Total
amp. -turns

for

teeth.

18,000
19,000

20,000

180
230
290

B^ max.
tooth-

density.

(Formulas)

Total
amp. -turns

for

teeth.

21,000
22,000
23,000

340
390
450

The ampere-turns which we have calculated are required to

drive the magnetic lines at the places of the maximum density

twice through air-gap and teeth, as well as through the yokes.

The distance between two points of maximum density, a and h,

is one p jle-pitch. Therefore, the whole of the ampere-turns per

pole are utilised for the production of the magnetic lines (Fig. 11).
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With three-pJiase motors the magnetising current in one phase

has its maximum while in the two others the current is

2 >^ H max. The maximum of the density is, therefore, in the

middle of the coil with the large current, so that for this dis-

tribution of current—viz., every 60 deg.,

AW = 2X^o^xax.X-•

If the field has moved 30 deg. forward

AW=2XO-87X«oma:
S

We put AW=l-94X?0max.X

or, introducing the R.M.S. value io = —pXio,
v2

AW
b

With two-phase current we find

AW
^o=0•65x^XJp.

(5A)

(5b)

\ ?ole-Pitch-_ /

Fio. 11.

With single-phase motors the magnetising current is twice

as large as is the case with two-phase machines. This relation

is not only a theoretical one, but is amply confirmed by prac-

tical experience. Therefore

AW
*>1.30x^Xi?. (5c)

If we divide the no-load current 4 into two parts, that for the

air-gap (ioi) and that for iron (t'l^), we can calculate the former
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by means of a single formula, gained by combining the equa-

tions 3, 4 and 5. We find

i„, = C'ox'x?^,x^xlO«. .... (6)

With three-phase current C'o = 0'43.

With two-phase current C'o = 0'88.

With single-phase current C'o = l*76.

When calculating the air section Q^ we have to take account

of the openings in the slots. If the slots are partly closed, the

opening being about 15 to 25 per cent, of the rotor circum-

ference, we subtract 85per cent, of the sum of all openings in the

stator {nxgiXO-85) from the circumference (ird) and multiply

this value by the coefficient (1 -0*85 x g^^/t^) :

?iin2 = number of slots in primary and secondary.

^1^2 - slot pitch.

^j^2 = openings of slots primary and secondary.

V

±1

''.''

Fig. 12. Fig. 13.

By introducing the factor 0"85, the fringe of the lines at

the corners of the teeth shall be taken account of (Fig. 12).

To obtain the air section we have to multiply by the actual

length of the core /, inclusive of insulation between the discs.

With perfectly open slots in the stator, and partly closed ones

in the rotor, we have to go into the calculation of the spread-

ing of lines of force into the slot portion (Fig. 13). We utilise

for this purpose diagrams of the magnetic lines constructed

after those found hydraulically by Prof. ITele-Shaw. With

the small air-gaps we have to deal with in induction

motors we can form the magnetic lines of quarter circles
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with a radius proportionate to the distance from the corner

X (Fig. 13), and of a straight portion equal to the air-

gap A (Fig. 13). The length of the path is, therefore, generally

k + --xx; the permeance of a tube of lines entering the tooth

in the distance x from its corner is, therefore,

°"^(A+l-56x^')'

If we integrate this value from to i/2 and multiply by 2

we find the total permeance per slot

T'o = 1-28 X ; X Z</h + 1-56 X -M.

The magnetic reluctance of the path of fringe lines in the slot

is equal to -d,

1-28 X lxlg(\ + l•56xA^

If we subtract from E'o the amount oijhl—viz., the resistance

of the path where the lines are practically parallel (Fig. 13)—we

find that the remaining portion is a constant amount within

practical limits. This constant amount is about 0*25, so that

we can put
^.^5 + ^

R'o=—p-^ (7)

The value 0*25 agrees very well with figures gained indepen-

dently direct from actual machines.

We carry out our calculation in such a way that we first

deduct from the rotor circumference the sum of all slot open-

ings, and then multiply this amount by (1 -0*85. ^2/^2) and /.

This is the section for the magnetic lines under the teeth them-

selves. Dividing the air-gap A by this section, we find the

magnetic resistance of the air under the teeth. R'o, E'o ^^d Il"i,

are in parallel, and, therefore, the total magnetic resistance

—

viz., the value ^ in formula (6)—for the magnetising current

for air io?,
'^^

x \

-t^

,
The influence of the openings in the rotor slots on R'o has

l^een neglected, because it is very small.
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III.—The Leakage.

If we deduct from the current of an induction motor

under normal working load an amount equal to the mag-

netising current (no-load current), a current component is

left in the stator which is not capable of producing a mag-

netic flux through the rotor. The rotor current itself pre-

vents this, assuming such a value that the secondary ampere-

turns are equal to the primary ones minus the no-load

ampere-turns. The latter can never quite disappear, as they

have to produce the magnetic flux interlinking rotor and

stator. For the purpose of the calculation of leakage, how-

ever, we have to disregard them altogether. We replace them

by connecting rotor and stator winding in series, both being

Fig. 14.

given equal numbers of turns

—

i.e.y we send the energy into

the rotor direct instead of transmitting it with the help of a

transformation flux.

Fig. 14 shows a stator and a rotor coil being placed exactly

opposite one another and connected in series in such a way

that in the direction AB no magnetic flux can be produced.

All magnetic lines created by the two coils have to take the

following "leakage paths" :

—

(A) The path across the slots (CD, Fig. 14).

(B) The path across the slot opening, utilising the face of a

tooth opposite this opening (FGr, Fig. 15).

(C) The space round the coil ends (HK, Fig. 16).

We will consider these three classes of leakages separately,

as path (A) only depends on the form of the slot, path (B)
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only on the relation between primary and secondary slots, and

path (C) only on the form of the coil ends.

There is a fourth path for the leakage lines, which we shall

refer to when dealing with leakage (B).

I

[ID
Fig. 15.

..%<

j^H

K *

Fig. 16.

H^

(A) Slot Leakage.

Fig. 17 shows four slots carrying current of one and the

same phase ; the other slots of the machine may be considered

as empty. If s is the magnetic resistance for the lines on

their way from a to 6 or from h to ^, &c., and if, further, I is

the number of ampere-turns per slot, the magnetic flux round

every slot is M = I/?.

The resistance of the iron has been neglected. We have

been following a path a-h-f-g-a or h-c-h-f-h^ &c. The teeth 6,

c, d carry two magnetic fluxes, which are equal and opposite

to one another

—

i.e.^ the magnetic flux in them is really

zero. M passes immediately from a to e. and the teeth a and

[-
—

-

_ !._—ji_—
1

—
1

L
a

o O
OJ

1

i

o

CPWO'~c C/^r^
Fig. 17.

e have to carry the total flux. Also, in the case of a completely

wound induction motor, only two or four teeth conduct the

leakage flux back into the yoke.

Following the path a-e^ we could have put M = -—^.

4 X s
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It must be clearly understood that the condition for the

phenomenon that only the first and the last tooth conduct tJie leakage

flux is : That the resistance of the iron is practically zero. If

the teeth a and e get saturated, the teeth b and d begin to con-

duct lines.

In spite of widely open slots in stator and rotor we obtain in

such cases bent short-circuit curves, the bending being far less

pronounced than we are used to with saturation curves.

This is due to the teeth b and d only gradually coming into

use as the teeth a and e get saturated. With machines having

only small leakage in the coil ends this phenomenon is parti-

cularly noticeable. Fig. 18 shows a bent short-circuit curve

together with a magnetising curve taken with open rotor.

Amps.

No-Load Current

Volts

Fig. 18.

We notice that with a voltage where curve II. does not show

any bend at all a distinct bend shows up in curve I.

Bent short-circuit curves can naturally also have their cause

in other circumstances—for instance, in closed slots. With

machines having much leakage and a high rotor resistance, the

magnetising component at short-circuit is considerable, so that

the saturation of the no-load current may show up in the short-

circuit current. We will assume that at short-circuit the teeth

are practically unsaturated. Then we may put the slot leakage

directly proportional to the number of slots, entirely indepen-

dent of the arrangement of the winding and any mutual
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induction from one slot to the other. If s is the number of

wires per slot, and the number of slots per phase and pole—for

instance, 4—the coefficient of self-induction is equal to a constant

X 4 X si If we should add a fifth slot of equal form and equal

number of wires, the coefficient of self-induction is equal to

a constant X 5 X s'^

—

i.e., it is increased in the ratio of the slots

5/4, and not proportional to the square of the wires per phase

and pole (5/4f

.

We will now calculate the magnetic resistance, or rather its

reciprocal value, the permeance per centimetre slot length. It

may be noted that the permeance can be defined as the number
of lines of force per 4x7r/10=l-25 ampere-turns. We will

consider, first, partly-closed slots.

Two classes may be distinguished, those with round and

those with straight tooth horns (Figs. 19a and 19b). The form

of the horns can, however, have no appreciable influence on

the leakage ; at any rate, we do not make a great mistake if

\ ^2 3^

S 6

12

^ ''4

Fig. 19.

we replace the round horn by a straight one, as indicated in

Fig. 19a. Further, the angle w is of only secondary influence

in the calculation of the leakage. We will disregard altogether

the form of the slot. Regardless of its being closed by a

straight line 1—2 (Fig. 19b), or by a broken line, 7—8—9 (Fig.

19c), we shall base our calculations once for all on the form

in Fig. 19b. The dimension m (Fig. 19c) is generally about

0*5 mm. to 1 mm. However, we must not load up our calcula-

tion with such small detail, and therefore we put m= 0'65 mm.
Calculation shows that the error caused through our sim-

plification is very small indeed.
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Tofix the dimension of the slot we only need knoiv the slot height

h, the slot width 6, and the slot opening g. Usually the winding

fills a portion of the narrow part of the slots. The number of

ampere-turns, however, which can be placed in this portion is

too small to have a considerable influence on the distribution

of lines. We therefore consider the narrow portion of the

slot as free from winding.

Part 1 (Fig. 20), with parallel sides, is filled uniformly with

winding (Fig. 21). A simple integration shows that the per-

meance of this portion per centimetre slot is

Tki= o ^ 7~> A'= height of the straight part=A— -.

3 6 4

'^ 4)—--H

1

t V ;< ,K ,\ >•',

I \>'^T^--^"
[ ;V. v< ;c ,\ X
1 ''<y^>''-/>

h'
Cr\yi/^^^.-

1 < \' x' V --: \

1

1 x^o-r^--^
X .X ,»v y^ /^

iJ '''
I;i^''''^'''w'^'

*

f ^lllF p

Fig. 20. Fig. 21. Fig. 22.

In the cone portion of the slot (Fig. 22) the magnetic lines^

can be considered as straight. Though they have the ten-

dency to bend out circular (Fig. 23a), they are pressed back

into a more or less straight form through the influence of the

ampere-turns in part 1 (Fig. 23b).

The length of the magnetic line in the distance x from the

opening g is

D 0-ii5x6J-

0-25
and the permeance T ki = X log {hjg).
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For the third portion of the leakage in the slot opening

(Fig. 24) we have to take account of the spreading of the lines

right into the air-gap. We draw diagrams of the magnetic

lines on a large scale for part 3 and calculate the permeance by

splitting up the flux into tubes of lines of force. We find for

5r=lmm.,T'K3 = 0-83,

^= 2 mm., T'k3 = 0-44.

^= 3 mm., T'k3 = 0-30,

//=4mm., T'k3 = 0-25.

The formulae for T'^i and T'^a, together with this table for

T'x3, enable us to calculate the slot leakage. The calculation,

however, is still too complicated. Joining T'^s and T'^s

together as " horn leakage," we can draw for the latter curves,

making T'^a + T'^s dependent on h for diflferent values of g. If

we carry this out for ^= 1, 2, 3 and 4 mm., we find that within

practical limits the difference in the permeances for the dif-

ferent values of g is constant and independent of the slot

0-65mnJ

Fig. 23. Fig. 24.

width h. Consequently we are able to base our calculation on

a certain value for g which we consider as " normal," and to

take account of other values of g by adding or subtracting a

small correction. We choose g — 2 mm. as normal value and take

account of the following corrections, which are to be added to

the permeance calculated when g has other values than 2 mm.

:

Table V.

g. Correction.
1-Omm =+0*53
1-5mm =+0-22
2-Omm =
2-5mm =-0'10

g. Correction.
3-Omm = -0-18
3-5 mm. =-0'24
4-Omm =-0-28
4*5 mm =-0*30

With totally closed slots the correction is from + 2-5 to + 3 '5.
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The curves in Fig. 25 give, reaihj for j)ractical use, the per-

meance T'^ per centimetre slot length dependent on the slot icidth

andfor different slot heights.

If, for instance, the slot height is /i = 32 mm.,

the slot width 6 = 12 mm.,

the slot opening y = 3*25 mm.,
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Slot width b.

Fig. 25.

—

Partly closed Slots.

Permeance per cm. slot length T'k. Slot opening 2 mm.

we take from the curves the permeance per centimetre slot

length T'k = 1*75. According to Table V., the correction for

g = 3-25 mm. is 0-20 ; therefore, T'k = 1 '75 - 0*20 = 1-55.
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It is easiest for calculation to join the leakage of the rotor

slots, together with that of the stator slots, in such a way that,

for determining the total permeance, only a multiplication

b}' the primary number of slots n^ and the core length is

necessary. If n^ = 7i^ we can simply add the secondary per-

meance to the primary one. In a case where ?ii and Wa are not

equal, the secondary T'k is to be multiplied by the ratio of slots

Wi/?ia before adding it to the primary T'k.

In the above example we found T'k for the stator alone equal

to 1*55. T'k for the rotor alone may be 1*30. If, further,

yti= 72 and ^.^= 48, we find the permeance of the motor due to

the slot leakage per centimetre slot length,

72
1-55 + 1-80 X

48
:3-50.

WMWM/A
t
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h
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i
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Fig. 26. Fio. 27.

With single-phase motors with wound or squirrel-cage rotors

only two-thirds of the rotor slots must be introduced as n.^^.

With open slots we assume (Fig. 26) that the winding begins

0-5 cm. from the slot corner. We shall treat this part of the

slot (part 2) separately from the slot filled with winding

(part 1). For part 1 we can put again

^''' 3xF*

In part 2 the lines of force either pass directly from one

side of the slot to the other, or they use the armature iron as-

a bridge, whichever way off'ers the smallest magnetic resis-

tance. The simplest way, perhaps, to obtain values for the

permeance is the construction of pictures of magnetic lines-
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and the splitting up into magnetic tubes. Bearing in mind
that the magnetic lines have the tendency to take the shortest

path and to obtain as large a section of passage as possible,

errors in the design of the magnetic tubes will be very small.

^^<i<^

'A '.\
'. \ \ \ \ \ \ \ —

^ / / // / /. <

nnaiiiiii

nS"
, \ \ \

mmm
\im--' ,:/:::

Fig. 28.

If at one place the section of a tube has been assumed too large,

this error is balanced through the reduction of the sections of

the neighbouring tubes. I have, at times, calculated the per-

meance of "space 2" for several distributions of the field
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which differed considerably one from the other, and I found

only very small diflferences in the total permeance.

As an example I have reproduced in Figs. 28a, b, c, d, e, the

diagrams of lines of force for 16, 12, 8, 6 and 4 mm. slot widths

and 1 mm. air-gap (A). Similar diagrams have been designed

for different values of A. The air-gap of 1 mm. is to be con-

sidered as "normal value." The curve in Fig. 29 for A=0-50 cm.

35
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Fig. 29.—Open Slots.

Permeance per cm. slot length T'k. Air-gap 1 mm.

gives the permeance ot leakage T'k2 per 1 cm. length of slot and

an air-gap of 1 mm. as derived from these diagrams.

A.C.C.M. O
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The correction for other air-gaps is a very simple one. I

found that 100 per cent, alteration in A alters the permeance

about 0-10 in accordance with Table VI.

Table VI.
Air-gap. Correction.
0-50mm +0-10
10 mm
1-5 mm -0'05
2-0 mm -0-10

Joining together again T'ki and T'k2 to form the total value

of the slot leakage per centimetre slot length T k, we find the

curves Fig. 29, which are ready for practical use. A is equal to

1 mm. in these curves.

As an example we will assume a slot height, ^= 32mm.

;

slot width, 6 = 12 mm. ; air-gap, A = 1-5 mm.

7 V^

Fig. 30.

From Fig. 29 we take T'k = 1*60. Taking account of the

correction (Table VI.) for A=l-5 mm.—viz., 0*05, we find

T'k= 1*o5. The secondary slot leakage is to be joined with

the primary one in the same way as we have done for partly

closed slots.

"l^When calculating the leakage of the stator slots we have

taken the rotor iron as free from slots. We ought, however, to

have considered that the path of the leakage lines going from

one side of the slot through the rotor to the other side is in-

terrupted as soon as a rotor slot is opposite a stator slot

(Fig. 30). Consequently, the permeance would be reduced.

On the other hand, a leakage flux is formed round the opening

of the rotor slot which tends to equalise this reduction, so that
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the alterations in the permeance during rotation are in reality

very small, ai^d our curves give values which check very well

with actual tests.

If the conductors do not consist of thin wires, but of solid

bars, the self-induction of the parts which are close to the

slot opening (B) is larger than the others near (A). The cal-

culation of an equivalent value of the leakage

is simple. I have found, however, that in

most practical cases it is not worth while

to take account of the unequal distribution

of the self-induction. The influence of the

uneven current distribution in the bars on

_3 the self-induction itself is only small, though,

as has been shown by Field, the copper

losses with very narrow and deep slots can

increase very considerably through this lack of uniformity.

(B) The Zigzag Leakage.

For the second kind of leakage the name "zigzag leakage"

has become usual in practice as well as in literature.

To start with, we will assume that the number of slots is

the same in the primary and secondary, and that the openings

of the slots are very small indeed.

Fig. 31.

Fig. 32.

If stator and rotor slots have relative positions, as shown

in Fig. 32, a stream of magnetic lines flows round the slots

in zigzag form. For their calculation we assume, as before,

magnetic circuits closed round the slots, either one half round

the primary slot and the other round the secondary, or only

round the primary, as indicated in Fig. 32 with slot A. Both
02
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modes of calculation lead to the same result. We therefore

choose the simplest by assuming that the zigzag leakage lines

close round the primary slots only.

Fig. 33.

-ti M A

UWWu xyuaa^
t2=^^

Fig. 34.

—t,--^, A

(jmwmju
'i

Fig. 35.

K ti ^,

Fig. 36.
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In the position Fig. 32 the permeance is largest—viz,,

T"Kmax.=^ — 0-25 X ^/A. P6i^ slot and per centimetre core

length. In Fig. 33a the zigzag permeance is zero. In an

intermediate position (Fig. 33b) T'kx = ajA X (^i - a:)/A. The
average value is

t

// the number of slots in the rotor is double as large as that of

tJie stator the former contains in each slot only half as many
ampere-turns as the latter, as the total number of ampere-turns

are equal. In the rotor position Fig. 34a the permeance is a

maximum, viz., 0'125 x t^fX. In position Fig. 34b it is a mini-

mum. Apparently the permeance in b is larger than in a

as the section of passage is larger. We must, however, bear

in mind that the zigzag lines surround one-half of the secondary

slots and induce in them an electromotive force which is oppo-

site to the primary one. The permeance in Fig. 34b has the

equivalent value 0*062 x^i/A. As an average we find for a

ratio of slots of 1 to 2, T"k = 0-105 x t,/X.

If the ratio of primary to secondary slots is 1 to 3, the maxi-

mum is 0*083 X tj\ (Fig. 35a). The minimum of the per-

meance 0-074 X ti/X (Fig. 35b). The average is T"k= 0*08 x tj\ -

The calculation is somewhat more complicated if primary

and secondary slots have not an even ratio. If this ratio is

1 to 1*5, Figs. 36a and 36b give the distribution of lines in the

minimum and maximum positions. The maximum of permeance

is 0*13 X ti/A, the minimum 0-102 x t^/X, the average 0*120 x ti/X.

Generally we find, for a ratio of slots 1 to y.

Maximum permeance x
-J.

Minimum permeance x ^^ ^ x -^.

y y X

Average value of the permeance T"k = ^ x - +
^

I X ^•

Instead of using this complicated expression, we will apply

a simple formulawhich is sufficientlyexact for practical purposes:

T"k = (o*038 -H 0*127 X ^] X trjX.



Ida THE LEAKAGE OF INDUCTION MOTORS

For further simplification, we put the permeance of zigzag

leakage per centimetre of core length per slot

T\ = C\xh/X. ....... (8)

C"_K can be taken from the straight line in Fig. 37.

0-30
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0-20
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0-5 1-0 1-5 2 2-5

Matio of slots in stator and rotor V3

,

112

Fig. 37.—Constant of Zigzag Leakage.

For the calculation of the zigzag leakage it is very im-

portant to take account of the opening of the slots, which we

A B

U ti— ^1 rY----^i •

t— »
gl+g2

/

/
/

/
/
/

/
/

/
/
/

/
/'

/
/

/

/

Vj^^. V
V

Fig. 38.

have neglected in our calculation hitherto. From Figs. 38a

and 38b we deduce :

—

1. That the section for the zigzag lines has been reduced by

an amount corresponding to the sum of primary and secondary

slot openings.
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2. That the time during which the zigzag leakage is zero has

ceased to be a moment only {see Fig. 33a). It is an amoun
equal to 0*85 x (gi+g^) (Fig. 38b).

Representing graphically the permeance of the zigzag

leakage path for ni/n^ = l, we find the curve Fig. 39, curve I.

referring to slots without openings, curve 11. to slots with open-

ings. The average value of the permeance is reduced by the

openings in the ratio [l - Q'85 x (.<7i + <y2)-i^^
^Ig^^ ^^^.j^ ^^^^^

values of n^/n^ without slot opening, the permeance obtains

only minimum values, but does not become zero. The latter

can be caused by the slot openings only. With sufficient

exactitude we can take account of the slot openings by multi-

plying the value of T/ calculated from formula (8) by

fl-0-85x^--^^!^^'^— v. . . . (8a)

Continuing our example of p. 183, we put

Air-gap A = 1-5 mm.
Primary slots Wi = 72,

Primary and secondary slot pitches ^i
= 2'5cm.

^2 = 3-74 cm.

Primary and secondary slot openings ^^= 0*35 cm.,

f/2
= 0*25 cm.

Ratio of slots wJ^Zg = 1 "50.
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We find the permeance of zigzag leakage as follows :
—

C/ (from Fig. 37) =0-228, and, therefore, from formula (8)

T/ = 0-228 X 2-5/0-15 = 3-80, uncorrected. Correction for the

slot openings (8a),

fl-0-85x-
Q'^^ + Q--^^

V=.o.71.
V 0-5 X (2-5 + 3-75);

Correct value of T/ = 0-71 x 3-8= 2*70.

The permeance of the slot leakage was (p. 183) Tk' = 3-50,

so that slot leakage and zigzag leakage together give a total

permeance per centimetre slot length of Tx^ = Tk'-T/ = 3'5

+ 2-7 = 6-2.

If we put the core length Z = 20cm., the number of wires

per stator slot = 9, the frequency = 50, and assume that we
have to deal with three phase current, we can calculate the

E.M.F. of self-induction e/ for 10 amperes short-circuit current

due to the leakage in the iron only as follows :

—

Slots per phase ^i= 72/3 = 24.

Total permeance per phase 24 x 20 x 6*25 = 3,000.

Maximum number of lines of force of leakage with 10 amperes,

9 wires per slot: 1-25 x 9 x 10 x 1-41 x 3,000 = 0475 x 10«,

^,'= 4-5 X 9 X 50 X 0-475 x 10« x 10-8= 9-61 volts.

Naturally it was not necessar}^ to go right back to the

number of leakage lines. We might have calculated e^ directly

from a single formula

e\ = 1'1 xixvx^xT^,xlxlQ-^wo\U, . . (9)

With squirrel-cage rotors the zigzag leakage is somewhat
smaller than formula (8) gives. Considering the case where

^1/^2= 1/2, and giving stator and rotor slots the relative position

(Fig. 40), we see that the bars in the slots AA, which are

opposite the face of a tooth, have a considerably larger self-

induction than the bars BB.

In BB the mutual induction with the primary slots is pre-

valent. Therefore, we may assume that the bars AA carry

almost no current at all, and that BB receive the full primary

ampere-turns directly from the opposite stator slots. There-

fore the zigzag leakage in this position of the rotor is prac-

tically zero.
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If in Fig. 41 curve 1. shows the permeance of the zigzag

leakage dependent upon the position of the rotor for the wound
rotor and for ^1/^0= 1/2, the curve for a squirrel-cage motor

assumes approximately the form II. The ratio of the average

values of permeance in both cases is 0*80.

We shall apply this factor generally^ and shall calculate the

leakage with squirrel-cage rotors by mtdtiplying by 0'804he zigzag

leakagefound through the application offormvla (8).

-<--'' ^...„y ^^^_^j^

V" \

B A B

) K

Fig. 40.

Fig. 41.

Fig. 42.

Also with wound rotors our formula only gives quite correct

values for the relative position of rotor and stator in which the

phases of both parts are exactly opposite one another (Fig. 42a).

In other positions of the rotor the leakage of induction motors
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is somewhat larger, but only a very small percentage. With

single-phase motors, where the alternations are larger than

with any other class of induction motor, the permeance diflfers

by 2 to 5 per cent, from the average value, according to the

rotor position.

It remains to refer to the special conditions in the case that

the span of the coils is shorter than the pole pitch, and the

number of coils is equal to the number of slots. Fig. 43 shows

the diagram of a winding for a three-phase machine with five

slots per phase per pole, and a coil span which differs from the

pole pitch by two slots.

The wires of one phase fill only 5-2= 3 slots per pole

(Nos. 3, 4 and 5) completely, 2x2= 4 slots only half (Nos. 1, 2,

6 and 7) ; the latter contain also wires of the two other phases.

At the moment when the current in the phase under considera-

tion has attained its maximum, the current in the two others

12 3 4 5 6 7

Fig. 43.

is just half as large. The leakage flux in the slots 3, 4 and 5

is exactly as large as it would be if coil span and pole-pitch were

equal. In the slots 1, 2, 6 and 7 the leakage is less in the

ratio l-5/2= 0-75. The E.M.F. of self-induction for the three

centre slots may be called e^ ; then the corresponding value for

the four side slots is 075 x 0-50=0-375 xe,. The E.M.F.

of self-induction per phase and pole becomes, therefore, Sxe^

-j-4x0-375xe, = 4-5xe,.

By the reduction of the coil span by two slots the leakage

has been reduced in the ratio 4-5/5=0-90. Generally speak-

ing, the leakage of the stator of a three-phase motor with n' slots

per phase and pole is reduced in the ratio (1 - 0-25 x a/n'), if

the coil span has been shortened by a slots. For two-phase

and three-phase motors this relation is (1 - 0-50 x a/n). Natur-

ally only one-half of the zigzag permeance is to be multiplied

by these factors, and the formulae are only to be used when
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Fig. 44.

Fig. 45.

a is smaller than n'. The calculation of the leakage with

any other conditions does not ofifer any difficulty and can be

carried through in a quite

similar way.

(C) The Leakage of the Coil Ends.

The leakage lines passing

through the coil ends have their

paths entirely or partly in air

(Fig. 44) ; the larger portion

issues from the stator and rotor

teeth and closes through the end

brackets or in a large circle

through the air. A calculation

of the coil end leakage is not

impossible but very difficult,

especially when there are several

phases situated in different

planes. The self-induction of

the coil ends can be measured

directly on test coils. Giving

these coils different forms we

may gain valuable figures for the

leakage coefficients. On the

other hand, we can also obtain

good constants for our calcula-

tions by comparing test results

on machines with the same

winding but different core

lengths or by calculating the

leakage, in the iron body and

comparing with the test.

I have carried out a simple test

for direct measurement of the self-

induction of coil ends which I

will briefly describe :

—

Two circular coils of the same section and equal number of

turns but different diameter were introduced between the

Fia. 46.

Fig. 47.
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laminated iron and the end bracket of an induction motor

(Figs. 45 and 46 show the arrangement). The two coils were

connected one against the other. The permeance per centi-

metre average circumference was found to be 0*58 C.G.S.

This value is of the same order as with the coil ends of com-

pletely wound motors.

The section which the leakage lines find for their passage is

proportional to the mean lengths of the coil ends

—

i.e.^ propor-

tional to the rotor circumference ; besides, this section is depen-

dent on the average distance d between rotor and stator

winding (Fig. 47). With the same class of winding there is

very little difference in this amount from one machine to an-

other, but the type of the winding itself has a considerable

influence on the average distance of the coil ends of stator and

rotor winding, and, therefore, on the permeance per centimetre

circumference.

We will distinguish between the following classes of windings

with special reference to their coil ends :

—

1. Phase winding or chain winding.

Phases are wound separately ; some groups of coils are bent

up and are reaching over the others. The coils of the different

groups are wound concentric

—

i.e.^ the coils are lying in slots

5 and 10, 4 and 9, &c. (Fig. 48).

(a) The number of coil groups per phase is equal to half the

number of poles (Fig. 48).

(b) The number of groups per phase is equal to the number

of poles (Fig. 49).

2. The single-phase winding with concentric flat coils.

Number of groups equal to number of poles (Fig. 50).

3. All coils have the same form, and are wound in such a

way that the winding is perfectly symmetrical. The number

of coils is either equal to the number of slots or equal to one-

half or a multiple of it.

(a) Disc winding or involute winding. The coil ends are

bent up so that the chief dimension is vertical to the axis of

the machine (Fig. 51).
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(b) Cylindrical winding, diamond coils. The coils are flat

and form a cylinder (Fig. 52).

(c) Short type of winding or mush winding. The coil ends

occupy the smallest possible space (Fig. 53).

4. For the rotor we have to add : The short-circuit rotor

with its different forms (Figs. 54a to 54e).

Fig. 52. Fig. 53.

nrr

^ Fig. 54.

With the same class of winding the ampere-turns embodied

in the coil ends are proportionate to the ampere-turns per

phase and pole. We, therefore, put the E.M.F. of self-induction

for this part

^/= Ck" xdxirxixvx {n/ X sf x 10-» volts. . (IOa)

%i'=Number of slots per phase and pole primary.

c?=:Rotor diameter in centimetres.

s=Number of wires per slot.

i=Current per phase.

Putting S=^i xs and Zi=pXni\

eJ'=Cj,"' xdX7rxixvx-,X lO'^ volts. . (IOb)
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We shall use this formula independent of the number of

wires contained in the coil ends—i.e., regardless of its being

3i/xs, or a fraction or a multiple of it, and regardless of

our dealing with a three, two or one-phase winding. The con-

stant Ck" which I have developed for the different types of

winding is not only to take account of the permeance, but also

of the ratio between the number of wires in the coil ends to

the number of wires per phase and pole.

The leakage constant for the coil ends is to be taken from the

following Table VII.

Table VI] '..—Leakage Constant of the Coil Ends, Ck II

Winding of the Stator.

Winding
of the
rotor.

No.
w

la&
lb.

1, cl

ndin

lb.

lain

g-

lb
(2).

No. 3a, disc

winding.

No. 3b, cylin-

drical

winding.

No. 3c, short
type

winding.

3ph. 2 ph. Iph. 3pli. 2 ph. Iph. 3ph. 2ph. Iph. 3ph. 2ph. Iph.

No. la & lb,
^

chain 8-7 6-0 3-1 ... ... ...

No. 3a, disc. 8-7 6-0 31 9-0 6-1 4-6 6-0 3-5 2-6 •••

No. 3c, short
type ... ... ... ... ... ••• •«• 5-8 4-0 2-9

No. 4a & 4b,

short - cir-

cuit rotors. 6-1 4-2 2-5 4-5 3-2 2-5 2-5 21 1-5 4-15 2-9 2-3

The values for the leakage constant of the coil ends Cg.'", as

given by Table VII., constitute, perhaps, the most important

part of this study. These values have been obtained from

several hundreds of picked and reliable test results with the

various classes of machines and types of windings. It w;ould

be of little use to the reader if I gave a table of all these test

results ; a general survey of the results will suffice.

We notice first of all how small the coil-end leakage is ivith

short-circuit rotors. In some cases it is only half as much as

with wound rotors. This clearly is due to the reduced distance

between rotor and stator windings at the coil ends {d in Fig. 47).

Those types of short-circuit rotors where the bars are not

short-circuited by simple rings, and where the distance between
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the two windings is much larger, show considerably worse

results. The type Fig. 54c, for instance, the rings of which

have zigzag form for the purpose of increasing their resistance,

show, with three-phase cylindrical winding in the stator, a coil-

end leakage constant 0^" = 5, compared with 1-7 with the types

Fig. 50a and 50b. Type 54d has with three-phase chain wind-

ing in the stator a 0^ "= 9*4 instead of 6*1. A special class of

rotor windings is formed by type Fig. 54e having a proper

winding on one end, all bars being short-circuited by a ring on

the other end. With three-phase chain winding in the stator

we obtain a C/' = 7-8.

The two classes of three-phase chain winding, types lA and 1b,

have been treated as perfectly equal as regards leakage, though

lt'»
"^

B

J . ^

Fig. 55.

the number of wires in the coil ends in case lA is double

that in case 1b (Figs. 55a and 55b), provided that we con-

sider one phase only. If, however, we calculate the mean

number of ampere-turns which produce lines round the coil-

ends of one phase at the moment when the current of this

phase is at its maximum, the two others being half as large, we

find the same average ampere-turns in both cases.

The constants for three-phase current are about 40 to 50 per

cent, higher than those for two-phase current. This is due to

the mutual induction between the three phases in the case of

a three-phase winding.
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As the most favourable class oj wiiiding for the staior the cylin-

drical winding is prominent. The leakage of the coil-ends is

almost only one-half of that with chain winding. We can,

however, improve the values for the cylindrical winding still

more if we reduce the span of the coils. If P denotes the angle

of reduction of coil span [see p. 168), the correction in Ck'" is

approximately cos ^/2. For instance, with three-phase cylindri-

cal winding and ^= 60 deg. and short-circuit rotor we obtain

C/'= 2-5 X cos (30 deg.) = 2-5 x 0-86 = 2"15.

The constants given in Table VII. naturally represent only

average values. With machines with the same class of wind-

ings which are also otherwise identical, Ck'" varies from 10 to

15 per cent., due to differences in workmanship. With the

same type of winding but with different numbers of poles and

diflferent arrangements Ck'" varies about 25 per cent. If there

is no exceptional arrangement of the coil ends the mistake we can

Fig. 56.

make in the calculation of the total short-circuit current when

applying our constants is not greater than about 5 or 6 per cent.

As an instance of an " exceptional arrangement," we may men-

tion the very tight enclosure of the coil-end by the end brackets.

With a completely enclosed coal-cutter motor with chain

winding and wound rotor, where the unusually thick end

brackets were practically touching the winding all round (Fig.

56), Ck"' = 13 instead of 8*7 has been observed. The large

diameter of the bearing shells almost touching the rotor wind-

ing also contributed to increase Ck'".

By going a little more into details in this case I meant to

show what factors may increase the coil-end leakage, so

that one may take account of them approximately. Of far

worse influence than placing iron close to the winding is the

introduction of magnetic bodies between stator and rotor wind-

A.C.C.M, P
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ing. A three-phase machine with disc winding and short-circuit

rotor showed Ck"'=4'5, in agreement with our Table. To pro-

tect the rings of the rotor short-circuiting the bars against

centrifugal force an iron ring, F, as shown by Fig. 57, was fitted.

Through its influence Ck'" became 7

—

i.e., the coil-end leakage

had been increased 55 per cent. This meant actually about

25 per cent, reduction of the starting torque of the machine,

together with 2 or 3 per cent, reduction in the power factor.

On the other hand, a favourable influence is experienced

if the magnetic path for the coil-end leakage is given a high

resistance. For instance, with machines having no end

brackets, but pedestal bearings instead, comparatively low

leakage coefficients are observed. The Ck'"=8*5 of a three-

phase machine with phase winding (chain winding) in stator

and rotor has been reduced to 6-8 by removing the end brackets.

^///?.i.

ttsa^ssM

Fig. 57.

IV.—The Leakage Factor.

We have put the leakage factor T=:io/iK', and will now intro-

duce the values for i^ and %', which have been developed in

the previous chapters. According to formula (6) the no-load,

current to cover the air magnetisation is

/„,= Co'xlxf^x-^xlO«.

With machines with partly-closed slots, the no-load current

iofioY the iron magnetisation is about 20 per cent., with open

slots about 10 per cent, of the magnetising current for air only.

Naturally, this value alters from case to case. We will intro-

duce an V equal to 0*10 X%, and will make a corresponding

correction if necessary. We then find

io=MxCo'xlxg^x^xlO«.
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Introducing the value for Q^ and putting in round figures

Q,;5 = <Z

X

ttx ?X 0-85= 2*67 Xf^X^ (the coefficient 0*85 has been

introduced with regard to the slot openings, and may be

corrected if necessary), we find

*o = 0'40 X Co' X 1 x-g X -Lx 10«.

Adding slot leakage and zigzag leakage, we can put, according t-o

formula (9),

^; = 7-7xiK'xvX-xTK<x 2x10-8.

According to formula (10b), the coil-end leakage E.M.F. is

e/= C/' X 6^ X TT X ^V X 1/ X -'x lO'^pi

We add both these E.M.F. s, so that e = ej + e" ; thus

6 = V XV X S2 x 10-^ X f
I2iii±^+ C/' X^V

or

Zl p"

exW
vxS-xr^^^^^^^ + C/'x^)

Forming now T=ijij^\ we obtain

T= (3'05 x C/' x Tk,) X ^' X ^ + (0-40 X tt X Go' X C/') x ^,(11a)
Zi a I

T=KiX^'x^ + K2X^ (llB)
Zi a I

With this formula for t we have to bear in mind that the

iron resistance has been introduced with 10 per cent, of the air

resistance, and that the ratio between the true air section and

the apparent air section has been put equal to 0-85. If these

figures are diff'erent, t changes proportionately. From the

two parts of formula (11b) the first only is dependent on the

leakage in the slots, the second only on the leakage through

the coil ends.

To clearly understand the formula we will introduce prac-

tical average values for the constants. An average figure for

Tk« loitli partly closed slots of 25 mm. to 35 mm. height and

9 mm. to 12 mm. width is about 5-5 {see p. 192 and Fig. 25).

If the rotor has many slots, and if the stator slots are broad and
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shallow, Tr^ goes down to about 4-5. With few rotor dots ami

riarrow and deep stator slots and with very small air-gap, Tk< can

go up to 6*5, in very favourable cases even to 8. When first

laying out a machine, the size of slots, &c., not being yet

known, we may start with Tk< = 5-5 and correct it afterwards.

With open slots Tk« varies between 3-5 and 4-5. Tj^t = 4: is a

good average for a preliminary calculation.

With three-phase motors and chain winding in stator and

rotor we can, according to Table VII., put Ck'" = 8-7. Cq' for

three-phase currents will be equal to 0-43 (p. 174).

Introducing these values we find (formula 11) that

Kj = 3-05 X 0*43 X 5-5 = 7-2. K^ varies ivith partly closed slots

hetweeji 6 and 8-5 ; with entirely open slots between 4*5 and 6.

We find further that K3= 0-40x7rx0-43 x 8-7 = 51, say

5*0. Therefore, as an average,

T=7-5x^'x- + 5-0xi . . . (He)
Zi d I

Taking into account the fact that with

Three-phase current K2 = 0-57 x Ck",

Two-phase current Kj ^^ 1-2 x Ck'",

Single-phase current K3 = 2*4 x Ck'",

the coil-end leakage constant K2 can be very easily calculated

by means of Table VIL
As an example, we will calculate the leakage coefficient for a

three-phase motor with chain winding in the primary and

secondary having a rotor diameter 6^= 50 cm., a core length

Z = 20cm., an air-gap X = l mm. We find for the preliminary

calculation (formula lie)

Zi 50 20
'

T= 0-015x^V 0-025.

Introducing for the number of slots per phase the figure ^^ = 48,

we find .2

^=3iro-^°-°2^-
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For different numbers of poles with the same number of slots

we may calculate the following table :

—

it>= 2 T = 0-0013 + 0025 = 026 t//? = 0-0130

i?= 4 T = 0-005 +0025 = 0-030 t//) = 0-0075

jp- 6 T = 011 +0 025 = 0036 t//> = 00060
_p= 8 T = 0020 +0-025 = 045 t//? = 0-0056

p = l2 T = 0-045 +0025 = 0-070 t//? = 0-0058

This table will serve to check Behrendt's formula. We,
find that with an exactness of ± 14 per cent, we can put for

4, 6, 8 and 12 poles r = 0-0066 x^, or, as average for 6, 8 and 12

poles, T = 00058 xp, in accordance with Behrendt's formula,

which claims that t reverses proportional to the pole-pitch

—

i.e., with the same motor proportional to the number of poles.

The formula (11) which we developed shows that Behrendfs

formula is not correct^ hut the fact that theformula for a given car-

case consists actually of one part proportional to p and a constant^

makes r appear directly proportional to the number of poles p.

Taking the formula of Behrendt in this fashion, it takes

account of all classes of leakage, including the coil-end leakage.

Behrendt's constant of proportionality is dependent on the

core width I only through the coil-end portion of equation

(11b), so that one may apply the formula

T ^ constant x air-gap/pole-pitch,

if one is prepared to allow ± 40 per cent, variation in the

constant. Applying this formula on our example,

Tz=0-0066 xj9= constant x i^.dXTT

Therefore, the constant is 10-5, a value lying within the limits

given by Behrendt.

To study the influence of an alteration of the number of slots

Zi we have to look at the complete formula (11a). If with one

and the same motor we increase Cj we have to make the slots

narrower. Consequently, the permeance for the slot leakage

will be increased, but the permeance of the zigzag leakage will

be reduced. The ratio T^fjzi which occurs in the first part

of formula (llA) decreases with increasing z^. Naturally the

number of slots is very rarely determined by the leakage only.

Heating, arrangement of wires and insulation, as well as exist-
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ing slot dies, are of the greatest importance, and it would lead

us much too far away from our object if we were to intro-

duce these factors into this study of the subject.

We will now compare three-phase, two-phase and single-phase

motors.

If the three-phase motor in the example we have just calculated

is changed into a two-phase motor by altering the winding, the

number of slots being the same, the number of slots per phase

and pole is increased in the ratio 3/2= 1-5. Co' becomes 0'88

instead of 0*43 {see p. 174)—^.e., the first part of formula (11b),

which depends on slot and zigzag leakage only, becomes
1 0*88

TTR^ ^r-7^=l'4 times as large as with the three-phase motor.
1*0 U'4t)

Kg increases in the ratio of

0^8 C/' for two-phase _ 0-88 ^^ .^_-, .

0-43 Ck'" for three-phase 0-43
'

i.e., ivith the same iron body a two-phase motor has a leakage factor

40 per cent, larger than with the three-phase motor. Utilising

Tables I. and II. we find the following relations between the

maximum power factor of three-phase and two-phase motors :—
Cos (^max. Corresponding cos 0max.

with three-phase winding. with two-phase winding.
0-90 0-87
0-85 0-805
0-80 0-74

i.e., the power factor of a ttvo-phase motor is 0-03 to 0-06 lower

than that of the corresponding three-phase motor.

With single-phase motors Ki becomes twice as large as with

three-phase motors. IL, too, alters in the same ratio, except

with chain winding in the stator and with machines with

any other winding in the stator but with a rotor of the

squirrel-cage type. With single-phase winding in the stator

, , , ., , . ., , Ck'" for three-phase
the bent coils do not come m, so that here >^ ,„ .—r——V

—

Uk lor two-phase
becomes larger than 2—viz., 8-7/31 = 2-8.

With short-circuit rotors (except for chain winding in the

stator) this relation is 1*75, therefore no definite relation bekveen

the leakage factor of a three-phase motor and a single-phase motor

exists. The class of winding and the ratio of core lengths to rotor

diameter comes into consideration.
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If we intenupt one phase of a three-jihase motor running at no

load without changing the voltage and freriuency the no-load

current increases in the ratio -~^ ^^®*P ^^^ _, j

.

jq^ j^^j. ^Jjq
Iq three-phase... ^ - , *'k oiie phase

short-circuit current we nnd as an average about .—rr r

—

= 0'81. These figures have been gained from a considerable

number of practical observations. They are very convenient

if one wishes to design a single -phase machine, a three-phase

machine being given.

* , , T for one-phase I 70 j. ,

As an averaare value we put — *-- = =2*1.^ ^ T for three-phase 0*8

1

Then we may give the approximate relations between the

maximum power factor of a single-phase motor and a three-

phase motor in form of a table :

—

Cos0,nax. Corresponding co.s0niax.

with three-phase winding. with one-phase winding.
0-90 0-82
0-85 0-74
0-80 0-67

Generally the power factor of a single-phase motor with

normal load is smaller than the maximum power factor, and,

therefore, the conditions with a single-phase motor are even

worse than our table shows.

V.—General Example.

Three-phase Motor.—50 periods, 6 poles, 1,000 volts. Phases

star connected.

1,000/1-73 = 578 volts per phase.

Slip-ring rotor. Chain winding in stator, disc winding in

rotor.

Dimensions : Rotor diameter, (Z = 40 cm. ; circumference=
40X7r=126cm.

Core length, ^ = 1 6 cm.

Air-gap A = 0*10 cm.

Number of slots, Hi = 72 ; 2:1 = 24 slots per phase

712 = 82.

Slot heights, ^l = 3-25 cm. ; h^ = 2*5 cm.

Slot widths, 61 = 1 -05 cm. ; b.^O'S cm.

Slot openings, gi = 0*2 cm.
;
g2=^0'2 cm.

Slot ratio, ni/fh = 72/82- 0-88.
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Sum of all slot openings—fringe, stator 0-85 x Wj x ^j = 12 cm.

rotor 0*85 X71.2 X5'2= 16 cm.

Eotor circumference—slot openings = (126 - 12) x 110/126

= 100 cm. (sgep. 191).

Air section 100 x 16 = 1,600 cm.=

Tooth section : Stator 730 cm.^ ; rotor 680 cm.-^

Wires per stator slot 8 = 9.

1 Preliminary Figurefor Leakage Factor r. From formula (lie)

T= 7-5 x
^'

x ^— + 5 x
^'^^ = 0-028 + 0-031 = 0059,

24 4u 16

say 0*065, because we require more tooth ampere-turns than

allowed for in formula 11.

2. No-load Current.

Formula (3b) :

.. , .. ^ 0-74x578x6x10^ q Qf\nn n cfAir density B^=——--

—

=8,3Q0C.G.S.
24x16x50x1,600

Stator tooth density B,=8,300x 1,600/730=18,200 CG.S.

Ampere-turns for air 8,300x0-80x0-10x2= 1,320

„ teeth (Table IV.) = 200

„ „ yokes = 80—1,600

No-load Current (formula 5a) io= --^—--— = 9*5 amperes.

3. Leakage Permeances.

(a) Slot leakage.

Primary slots (from Fig. 25) =1*95

Secondary slots (from Fig. 25) l-85x^ =1-70

Permeance of slot leakage : Tk'= 3-65

(b) Zigzag leakage. C/ (from Fig. 37)......0'15

From formula (8) and (8a) :

^Iq^^^.^^^^^
=1-65

Total leakage permeance per cm. slot TKi=5-30 cm.

Ditto for 24 slots : 5-30 X 24 x 16= 2,050 cm.
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Slot Leakage + Zigzag Leakage.—Voltage per phase

per 1 ampere short-circuit current (formula 9) :

2,050x8x50x16-' = 2-10 volts

Coil End Leakage.—Voltage per phase per 1 ampere

short-circuit current (C/'= 8-7 from Table VI F.)

(formula 10) 8-7 x 126 x 16^X 50x 10-« = 2-25 volts

Total Leakage.—Voltage per phase per 1 ampere

short-circuit current ... =4-35 volts

Table VIII.—Showing the Effect of Altering the Slot Openimja and the.

Class of Winding.

Slot opening
E.M. F. of leakage per phase

for 1 amp. short-circuit

current.

Short-
cir-

cuit

cur-

rent.

Amps.

No-
load
cur-

rent.

Amps.

Leak-
age

factor.

t'.

CO8 0.

Stator Rotor
feloD

leakge
Volts.

Zigzag
leakge
Volts

Coil end

leakge
Volts.

Total
leakge
Volts.

max.

-1cm. 0'1cm.
0-2 „ 0-2 „
0-3 „ l0-3 „
Prac-]
ticallyiQ.25

open p^ ^^ '•

slots

Do. 1 Do.*

1-85

1-45

1-36

1-36

1-36

0-83
0-65
0-49

0-16

0-16

2-25

2-25

2-25

2-25

1-16

4-93

4-35
4-10

3-77

2-68

117
133-0

142-0

153-0

215-0

8-55
9-5

10-65

12-7

12-7

0-073 0-872
0-071 0-875
0-075 ^ 0-870

0-083 0-858

i

0-059 0-90
1

* Chainwinding replaced by cylinder winding Ck"'= 4"2 (Table VII.)

4. Short-circuit current for cos ^^ ~ 0*2

V = 578/4-35 volts x 1 = 133 amperes.

5. Leakage factor t =yV = 9-5/133 = 0-071.

Maximum poioer factor, from Table I. : 0-875.

If the resistances are known, we calculate watts lost on short-

circuit. In our case, coa <^k=^0-35.

Short-circuit current i'k = ^K' x sin (f)^ = 133 x 0*94 = 125 amps.

t'= 9-5/125 = 0-076.

cos<jf) normal, &c., from Table I.

Maximum output of the motor (formula 1).

1,000x1-73x125x0-37
746

= 108b.h.p.
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Winding Coefficient for No Load, 167
Zigzag Leakage, 187

Constants, 190
Correction for Slot Opening, 191
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"THE ELECTRICIAN."
Every Friday morning. Price 6d., post free 6|^d.; abroad, lod.

Terms cf Subscription: Year. Hai.f-Year. Quarter.
Great Britain £i 60 ,. .. £0 13 6 .. .. ;^o 7 o
Canada 183..,. 0146.. .. 076
Countries in the Postal Union.. iioo .. .. oi6u .. .. 086

ill Bound Volumes {April and October) lys. 6d. each, post free {U.K.) 18* (id. ; abroad extra,2" The Electrician " is the oldest electrical yi97<;-«fl/ published. First series, i860; second
series, 1878. It has always borne the same title, been the same size, and been published weekly.
Consequently the Volumes iorm a unique set of uniform appearance. In the volumes of "The

JJ Electrician" will be found the most valuable collection of original Papers and articles by^ nearly every leading writer on evt-ry branch of electrical engineering, science and industry,

Q"" besides all Papers read before the principal Electrical Institutions throughout the world
by men eminent in the Electrical Profession, and authenticated reports or the discussions
thereupon. Original articles appearing in '" 1'hb Electrician" are written by gentlemen having

In no interest whatever in particular electrical systems, and with but one object—the advancement of

S
electrical knowledge and electro-technology generallv. Many of these original series of articles

have since been revised and amplified, and published in book form. These form the nucleus of

the well-known "Electrician" Series.
Much space is devoted in every weekly issue to fully illustrated, technical descriptions of

the Electricity Supply Works and Electric Tramways owned by Local Authorities and Com-
panies, and in the very full record of Municipal Notes, the progress and development of

Municipal Electrical Enterprise is given. The Municipal Notes of " The Electrician " are
more numerous, more complete, and more up-to-date than those of any other technical or trade
journal in the world.

In addition to the above, " The Electrician " contains a complete record of all the legal
causes which have occupied the attention of the Courts of Justice for the past 33 years. It is

customary for *' The Electrician" to occupy a prominent position in the Courts as an
authority upon all legal questions affecting the Electrical Profession and Industry,

^ A regular feature in " The Electrician " has always been the verbatim reports of meetings
to of Electrical Companies and Corporations, and the completest possible record of financial items

^ relating to the Electrical Industr}'. Avery complete Share List of Electrical Investments is given.

UQ« Finally, "The Electrician" has been of incalculable service to technical education, and
u has done much to make the general study of electricity the reality it has undoubtedly become.>^ No aspirant to honour and renown in the electrical profession can hope to keep abreast of tlie

never-ceasing stream of discoveries of new applications of electrical science to every-day com-
rt o niercial pursuits who does not diligently peruse the colums of "The Electrician," which is

pre-eminently the leading electrical journal.
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Q s COMMERCIAL and INDUSTRIAL SUPPLEMENT.
^ —
S Issued gratis with '* The Electrician " weekly.
rt ^ The '_' Commercial and Industrial Supplement " is a comprehensive record ofdevelopments
K in Electrical Plant, Machinery, Apparatus, Accessories, Sundries and Materials, and of their

proved suitability for various industrial purposes.

"THE ELECTRICIAN" ELECTRICAL TRADES'
DIRECTORY AND HANDBOOK.

III Established 1882. The cheapest, largest and onlv reliable Directory published for
the Electrical and Kindred Trades. Published END OK JANUARY in each year.? Royal 8vo., about 2,000 pages. SUBSCRIPTION PRICE ios. nett, post free los. 6d. ;

fn British Colonies, 12s.; abroad, 12s, 6d. After aafe of publication, 15s nett, post free"
15s. gd. (British Colonies, 17s. post free; IJ.S.A., 18s. 6d. post free ; other countries, i8s.)

tf This Directory and Handbook is well known throughout the Electrical, Engineering and
Allied Professions and Trades in all parts of the World. No expense is spared to make the work
eally complete and reliable. The Lists of Names and Addresses are made up from exclusive

%

J sources. The Directory portion of the book vi divided into six divisions, viz., a British Division,
and Colonial, Continental, Asiatic and African, Central and South American and United States
Divisions. Each Division is sub-divided into an Alphabetical Section and a Classified Trades'
Section. New Names and corrections to existing entries in the Directorial portion of the book
are received up to the end of January. Extra insertions are made in the Classified Trades'
Section at low rates. In addition to more than 800 pages of purely Directorial matter, the Hand
BOOK portion contains a mass (over 900 pages) of interesting electrotechnical statistics and
commercial information relating to electricity supply, electric power distribution and transmission
and electric traction in Gt. Britain, the Colonies and abroad, also Fire Risk Rules (British and
Foreign), a full Digest of the Law of Electric Lighting, Traction, Telegraphy and Telephony,
&c., the great part of which is specially compiled for the Directory, and cannot be obtained
elsewhere. There is also a very interesting Biographical Division, besides manv invaluable
Tables, Maps, Statistics relating to Electiic L ghting and Power, Traction, 8cc. See Notice on
last page.
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OF STANDARD BOOKS.

Aitken—HANDBOOK OF PRACTICAL TELEPHONY. By W.
Aitken, M.I.E.E. In two Volumes. Vol. i. Nearly Ready. Very fully Illustrated.

Mr. Aitken has designed his book to cover the whole subject of Commercial Telephony
The first vi)lunie will comprise about 25 chapters in all.

Air. Aiiken's close association with ilie practical work of telephone design, construction,

erection and supervision over a long period, and the fact that he is personally identified with
much of the apparatus now in use and coming into general use, entitles him to write with
authority on the many problems which face the telephone engineer, the telephone manager and
the telephone operator. The telephone engineer will find the book indispensable in his daily

work.

Anderson—BOILER FEED WATER : A Practical Treatise on its

guality, Effects and Purification. By Fred. A. Anderson, B.Sc. (Lond.), F.I.C., F.C.S.
loth Bound. 6s. nett.

The great increase in the working pressure of steam boilers during the last few years, and
the wide adoption ot water-tube boilers, have directed attention more generally to the subject of

the quality of the water used for boiler feed. . . In this book an attempt has been made to

give a concise account of the most important impurities to be met with in feed waters, especially

in land installations, together with the methods for their detection and removal.

Ayrton—THE ELECTRIC ARC. By Mrs. Ayrton, M.I.E.E.
Very fully Illustrated. Price 12s. 6d.

Abstract from Author s Preface.—This book owes its origin to a series of articles

published in The Electrician in 1895-6. In experimenting on the arc my aim was not so much to add
to the large number of isolated facts that had already been discovered, as to form some idea of the

bearing of these upon one another, and thus to arrive at a clear conception of what takes place ia

each part of the arc and carbons at every moment. The attempt to correlate all the known
phenomena and to bind them into one consistent whole led to the deduction of new fact*,

and opened up fresh questions, to be answered in their turn by new experiments. Thus the subject

grew and developed into what may almost be termed a natural way. The experiments of other

observers have been employed in two ways : (i) In confirmation of theory developed from my own
experiments, and (2) as the basis of theory for which further tests were devised. M. Blondel's

interesting and systematic researches, the admirable work of Mr. A. P. Trotter, and Prof.

Ayrton's Chicago Paper were all laid under contribution, and the deductions drawn from them
tested by new experiments.

Baines—BEGINNER'S MANUAL OF SUBMARINE CABLE
TESTING AND WORKING. By G. M. Baines. Third Edition, Sept , 1910. Cloth

Bound. 7S. 6d. nett, post free 8s.

This book has been written to meet the requirements ot those about to commence the study

of Submarine Telegraphy. All subjects demanding attention have been brought within the scope

of the volume and have been dealt with at sufficient length to enable an intelligible idea to be

obtained of them. With regard to the algebraical portion of the study, all the formulae have been

worked out step by step, and, where convenient, have been supplemented by arithmetical

equivalents. The book is divided into 18 chapters, and deals with : Batteries, Ohm's Law, Joint

Resistance, Wheatstone Bridge, Bridge Measurements, Insulation Test by Direct Deflection,

Inductive Capacity, Internal Resistance and E.M.F, ot a Battery, &c., Current Strength in

Wheatstone Bridge, &c. ; also Tests of Broken or Faulty Cables, and Description of Submarine
Telegraph Apparatus, &c.

Barker, E. Raymond—^^^ RAYMOND-BARKER, E.

Beaumont—THE STEAM-ENGINE INDICATOR AND INDI-
CAIOR DIAGRAMS. Edited by W. W. Beaumont, M.I.C.E., M.I.M.E., &c. Neia
and Enlarged Edition, Now Ready. 6s. nett, post free.

The object of this book is to place in the hands of students and practical men a concise

guide to the objects, construction and use of the indicator, and to the interpretation of indicator

diagrams. Lengthy discussion of theoretical or hypothetical matters has been avoided. The
behaviour of steam and its expansion under different conditions have been treated in a simple

manner so far as these questions are important to the consideration of indicator diagrams in

their most usual practical applications.

" THE ELECTRICIAN " PRINTING & PUBLISHING CO., LTD.,
I, 2 and 3, Salisbury Court, Fleet Street, London E.G.
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Bond—RATING OF ELECTRIC LIGHTING, ELECTRIC
TRAMWAY AND SIMILAR UNDERTAKINGS. By W. G. Bond. Cloth, 8vc.
pnce 2S. 6d. nett.

^
This little book is intended for the use of Directors, Secretaries, Engineers and other

Officials connected with Electric Traction, Lighting and Power Distribution Companies. The
chief object of the Author has been to enable those who are not familiar with the principles and
practice of rating to ascertain for themselves whether the Rateable Value of their property is

reasonable or excessive, and thus avoid unnecessary expense at the outset.

Boult—COMPREHENSIVE INTERNATIONAL WIRE TABLES
FOR ELECTRIC CONDUCTORS. By W. S. Boult. Price 4S. post free.

Broughton—ELECTRIC CRANES AND HOISTS : A Manual of
Lifting|Machinery. By H. H. Broughton. Nearly Ready, Profusely Illustrated. 25s. nett.

Mr. Broughton's book will be a complete treatise on the subject of Electric Lifting
Machinery, and in this volume he covers the entire ground of this branch of Electrical Science
and Practice. A large number of valuable Scale Drawings andTab'es are included in the volume,
and tnese illustrations have been throughout prepared and made by 'The Electrician" Co.'s
Draughtsman's Dept., under the direct supervision of Mr. Broughton.

In a second volume, Mr. Broughton will deal with the questioij of Electric Haulage and
Electric Winding, and within the two volumes the entire subjet of Lifting, Elevating, Hauling and
Winding by electrical means will be completely covered, the object of the Author and the
Publishers being to provide a complete and valuable Handbook on these important branches of
electrical industry.

Some of the Tables in Mr. Broughton's book are for everyday use, and it is intended to issue
these in separate sheet form for ready reference.

Carter—MOTIVE POWER AND GEARING FOR ELECTRICAL
MACHINERY: A Treatise on the Theory and Practice of the Mechanical Equipment
of Power Stations for Electric Supply, and for Electric Traction. By the late E. fremlett
Carter, C.E., M.I.E.E. 650 pages, 200 Illustrations, Scale Drawings and Folding
Plates, and over 80 Tables of Engineering Data. In one volume. New edition, rsvised
by G. THOMAS-DAVIES, Now Ready. Price 12s. 6d. nett, post free 13s.

Part I.—Introductory. Part II.—The Steam Engine. Part III.—Gas and Oil Engines.
Part IV.—V/ater Power Plant. Part V—Gearing, Part VI.—Types of Power Stations.

This work presents to consulting engineers, contractors, central-station engineers and
engineering students the latest and most approved practice in the equipment and working of
mechanical plant in electric power generating stations. Every part of the work has been brought
completely up to date ; and especially in the matter of the costs of equipment and working the
latest available information has been given.

"Motive Powhr and Gearing for Electrical Machinery" is a handbook of modern
electrical engineering practice in all parts of the world. It offers to the reader a means of
comparing the central station practice of the United Kingdom with that of America, the Colonies
or other places abroad.

Cooper—PRIMARY BATTERIES: THEIR CONSTRUCTION
AND USE. By W. R. Cooper, M.A. Fully Illustrated. Price los. 6d. nett.

Author's Preface—Extract.—Primary Batteries form a subject from which much has been
hoped, and but little realised. But even so, it cannot be said that the advance has been small

;

and consequently no apology is offered for the present volume, in which the somewhat scattered
literature of the subject has been brought together. Recent years have seen important additions
to the theory of the voltaic cell, and therefore a considerable number of pages have been devoted
to this part of the subject, although it is impossible to do more than give a superficial sketch of
the theory in a volume like the present. With regard to the practical part of the subject, this
volume is not intended to be encyclopaedic in character ; the object has been rather to describe
those batteries which are in general use, or of particular theoretical interest. As far as possible,
the Author has drawn on his personal experience, in giving practical results, which, it is hoped,
will add to the usefulness of the book. Owing to the importance of the subject. Standard Cells
have been dealt with at some length. Those cells, however, which are no longer in general use
are not described ; but recent work is summarised in some detail so as to give a fair idea of our
knowledge up to the present time. It has also been thought well to devote a chapter to Carbon-
Consuming Cells.

Cooper—6"^^ '* THE ELECTRICIAN" PRIMERS, page 8.

(THE "G.T.") COMMERCIAL TRAVELLERS' GUIDE AND
HANDBOOK OF THE UNITED KINGDOM. By Subscription. Pi ice ss. nett, post
free.

This convenient and useful Guide and Handbook should be in the hands of every traveller
and representative of Electrical Manufacturing and Supply Houses. It contains a complete list

(alphabetically arranged) of towns and places in the United Kingdom where electricity supply is

established, and where, consequently, the demand for electrical appliances, accessories, materials
and sundries of all kinds increases with the additional demand for current. The information
given in each case includes technical particulars of the electricity works (voltage of supply and
frequency), and a complete list of wiring contractors, dealers in electrical supplies, &c.
There are a number of very useful electro-technical tables and statist cs relating to electric
lighting and power and the various applications of electricity, and in addition there is much
interesting commercial and other information, including the location of the chiefpost office (for post
restante letters), the last post to London, railways serving the town, the early closing days,
market days, local telephone numbers, the trunk telephone fee from and to London, some of the
best commercial hotels, ivery stables, garages, &c., &c.

"THE ELECTRICIAN " PRINTING & PUBLISHING CO., LTD.,
I, 2 and 3, Salisbury Court, Fleet Street, London, E.G.
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Dawson—ELECTRIC TRACTION ON RAILWAYS. By Philip
Dawson, M.Inst.C.E., M.I.E.E., author of "Electric Tramways and Railways," and
"The Engineering and Electric Traction Pocket Book." 1,000 pages, over 600 illustra-

tions (nearly all original); roval 8vo. Handsomely bound. Price 251. nett, postage 6d.
U.K., IS. 4a. abroad.

This book deals entirely with the application of electric traction to railways, as distinguished
from tramways. All the calculations necessary to determine the size and type of motor required
under any given circumstances are carefully gone into, and are such as are used in actual practice.

The important question of the calculation of motor-driven axles is also considered in detail, and
a complete example worked out. The impedance of single-phase lines equipped with overhead
conductors is carefully gone into, and actual examples given to show how any quantity can be
ascertained beforehand for any given system. The question of the calculation and construction
of catenary suspension for single-phase railways is fully worked out, and examples of different

forms of construction given. An easy, simple and elementary theory of the single-phase motor
has been specially prepared for this book, so as to explain, as clearly and simply as possible, the
principles involved in its construction and operation. Special attention is given to practical
examples in connection with the construction of trucks and car bodies. Multiple unit control,

both for continuous and alternating currents, is fully gone into, and diagrams for all the most
important constructions are given, as well as illustrations of special details. Care ul attention

is given to theoretical and practical considerations in connection with the design and construction
of third rail, and all the most important methods hitherto adopted are amply described and fully

illustrated. A chapter is devoted to electric locomotives, both continuous and alternating

current, designed for all classes of service, and this chapter is very fully illustrated with examples
of work actually carried out. A limited amount of space is devoted to the most important and
general features connected with ihe design and construction of power stations and sub-stations,

and general details. To the subject of accumulator traction (or railways all necessary space has
been accorded. Considerable attention is given to financial details and estimates as regards
working costs, maintenance costs, and all the numerous financial details required for the

successful operation of the electrified line. The work has been prepared on the basis that the

reader is acquainted with the principle? underlying electrical engineering data as well as with
the principles of railway construction and apparatus, and the book is intended to supply that

special knowledge, both practical and theoretical, which is essential to every engineer who has
either to equip or operate electric railways.

Dick and Fernie—ELECTRIC MAINS AND DISTRIBUTING
SYSTEMS. By J. R. Dick, B.Sc, and F. Fernie. In the press.

This work will be a comple treatise on the design and calculation of electric cables and
•distribution networks and will also deal fully with the laying of feeders and cables. The work
will be invaluable to electricity supply station engineers and manngers, mains superintendents, &c.

Down—''THE ELECTRICIAN" HANDY COPPER WIRE
TABLES AND FORMULA FOR EVERYDAY USE IN FACTORIES AND
WORKSHOPS. By P. B. Down, V/h.Ex., A.M,I.M.E. Price 2s. 6d. nett.

^'THE ELECTRICIAN" WIREMAN'S POCKET BOOK—5^^
ROBINSON (A. W.) and WARRILOW (W. E.), p. 12.

^'THE ELECTRICIAN" MAINS SUPERINTENDENT'S AND
LINESMAN'S POCKET BOOK. Fully illustrated. By various Authors. Price 5s.

nett, by post 5s. 3d.

This will be a companion publication to the Wireman's Pocket Book. The matter of this new
Pocket Book will bring t le Mains Superintendent and Linesman, and, in fact all those engaged
in the Laying, Maintenance and General Superintendence of Undergr.;und Cables, Overhead
Electric Light and Power Conductors and Transmission Lines into touch with the very latest phases
of this class of work. A Synopis of the Contents of this book will be issued shortly.

Eck—LIGHT, RADIATION AND ILLUMINATION. From the
German of Panl Hogner. Translated by Justus Eck, M.A., M.I.E.E., &c. Fully lUus-
traied. Price 6s. nett. Ready Nov., iqio.

The important subject of Light, Radiation and Illumination is dealt with by Mr. Hogner
in a very complete wav, and the student, as well as the engineer and manufacturer, will find Mr.
Eck's translation of Mr. Hugner's excellent scientific and literary work of the greatest value in

-connection with this subject. Both author and translator have made the subject their special

study lor many years.

Ewing—MAGNETIC INDUCTION IN IRON AND OTHER
METALS. By Prof. J. A. Ewing, C.B., M.A., B.Sc, F.R.S. 382 pages, 173 Illus-

trations. Third Edition, Second Issue. Price los. 6d. nett.

Synopsis of Contents.—After an introductory chapter, which attempts to explain the
'fundamental ideas and the terminology, an account is given of the methods which are usually
employed to measure the magnetic quality of metals. Examples are then quoted, showing the

results of such measurements for various specimens of iron, steel, nickel and cobalt. A chapter
on Magnetic Hysteresis follows, and then the distinctive features of induction by very weak and
by very strong magnetic forces are separately described, with further description of experimental
•methods, and with additional numerical results. The influences of Temperature and of Stress are

discussed. The conception of the Magnetic Circuit is then explained, and some account is given of

experiments which are best elucidated by making use of this essentially modern method of treatment.

"THE ELECTRICIAN" PRhNTING & PUBLISHING CO., LTD.,
I, 2 and 3, Salisbury Court, Fleet Street, London, E.G.
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Fisher and Darby—STUDENTS' GUIDE TO SUBMARINE
CABLE TESTING. By H. K. C. Fisher and J. C. H. Darby. New and Enlarged
Edition. Fully Illustrated. Price ys, 6d. nett, post free; abroad, 89.

The authors of this book have, for some years past, been enijaged in the practical work of
Submarine Cable Testing in the Eastern Extension Telegraph Company's service, and have em-
bodied their experience in a Guide for the use of those in the Telegraph Servicewho desire to qualify
themselves for the examinations which the Cable Companies have recently instituted. To those
desirous of entering the Cable Service Messrs. Fisher and Darby's book is indispensable, as it

is now necessary for probationers to pass these examinations as part of the qualification for service,
A valuable set of Questions and Answers is added to the New and Enlarged Edition.

Fleming—ELECTRICALLABORATORY NOTES AND FORMS.
Arranged and prepared by Dr. J. A. Fleming, M.A., F.R.S., &c.

This important Series of Notes and Forms for the use of Students in University and other
Electro-technical Classes has a world-wide reputation, and many thousands of copies have been
sold. From time to time, as considered desirable, the Notes and Forms have been corrected or
re-written, but the original divisions of the forty Forms into " Elementary" and "Advanced"
has hitherto been observed. At the same time it is realised that the time has come for additions
to be made to the original Set, and Dr. Fleming has written Ten Additional Notes and Forms
(Nos. 41 to 50). It should be remembered that the numerical order observed in the above list has-

no relation to the difficulty or class sequence of the exercise, but is simply a reference number for
convenience. The Subjects of the additional Notes and Forms are:

—

No. Subject.
|

No. Subject.
I. The Exploration of Magnetic Fields. 26. The Standardization of an Ammeter by
2. The Magnetic Field of a Circular Current.

3. The Standardization of a Tangent Galva-
nometer by the Water Voltameter.

4. The Measurement of Electrical Resistance

by the Divided Wire Bridge.

5. Ihe Calibration of the Ballistic Galvano-
meter.

6. The Determination of Magnetic Field

Strength.

7. Experiments with Standard Magnetic
FieHs

8. The Determination of the Magnetic Field

in the Air Gap of an Electromagnet.

9. The determination of Resistance with the

Post Office Pattern Wheatstone Bridge.

10. The Determination of Poteniial Diffi^r-

ence by the Potentiomettr.

11. The Measurement of a Current by the

Potentiometer.

12. A'Complete Keport on a Primary Battery.

13. The Standardization of a Voltmeter by
the Potentiometer.

14. A Photometric Kxamination of an Incan-

descent Lamp.
15. The Determination of the Absorptive

Powers of Semi-1'rai sparent Screens.

16. The I etermination of the Reflective

Power of Various Surfaces.

17. Ihe Determination of th-^ Electrical Effi-

ciency of an Electromotor by the Cradle
Method.

i8. The Determinationof the Efficiency of an
Electromotor by the Brake M ethod.

19. The Efficiency Test of a Combined
Motor-Generator Plant.

20. Test of a Gas Engine and Dynamo Plant.

21. The Determination of the Electrical Re-
sistivity of a Sample of Metallic Wire.

22. The Measurement of Low Resistances by
the Potentiometer.

23. The Measurement of Armatur^ Resist-

ances

24. The Standardization of an Ammeter by
Copper Deposit.

25. The Standardization of a Voltmeter by
the Potentiometer.

the Potentiometer.
27. The Determination of the Magnetic Per-

meability of a Sample of Iron.
28. The .Standardization of a High Tension.

Voltmeter.
29. 1 he Examination cf an Alternate Current

Ammeter
30. The Delineation of Alternating Current

Curves.

31. The Efficiency Test of a Transformer.
32. The Efficiency Test of an Alternator.

3;^. The Photometric Examination cf an Arc
Lamp

34. Ihe Measurement of Insulation and High
l<esi>tance.

35. The Complete Efficiency Test of a
Secondary Battery

35. The Calibration of Klectric Meters.
37. The Delineation of Hy.steresis Curves of

Iron.

38. The Examination of a Sample of Iron for

Magnetic Hysteresis Loss.

39. The Determination of the Capacity of a-

Concent ic Cable.
40. The Hopkinson.Test of a Pair ofDynamos.-
41. Determination ofDynamo Efficiency by

Routin's Method
42. Separation ot Hysteresis and Eddy Cur-

rent Losses in Continuous-Current
Dynamo Armatures.

43. Efficiency Test of Two Equal Trans-
formers by the Differential (Sump-
ner's) Method.

44. Measurement of the Efficiency and
Power Factor of a Polyphase In-
duction Motor by the Wattmeter
Method.

45. Determination of the Characteristic
Curves of Dynamo Machines.

46. The Absolute Measurement of Capa-
city.

47. The Measurement of Inductances.
48. The Test of a Rotary Converter.

49. The Parallelisation of Alternators.

50. The Examination of an Alternating-
Current Motor.

These " Electrical Laboratory Notes and Forms " have been prepared to assist Teachers..

Demonstrators and Students in Electrical Laboratories, and to enable the Teacher to economise

time. They now consist of a series of 50 Exercises in Practical Electrical Measurements and
Testing. For each of these Exercises a four-page Report Sheet has been prepared, two and some-

times more pages of which are occupied with a condensed account of the theory and practical in-

structions for performing the particular Experiment, the other pages being ruled up in lettered

columns, to be filled in by the Student with the observed and calculated quantities. These
Exercises are perfectly general, and can be put into practice in any Laboratory.

Each Form is supplied either singly at 4d. nett, or at 3s. 6d. per dozen nett (assorted or

otherwise as required); in Sets of any Three at is. nett; or the Complete Set of 50 Exercises

"THE ELECTRICIAN " PRINTING & PUBLISHING CO., LTD.,
I, 2 and 3, Salisbury Court, Fleet Street, London, E.C.
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price I2S. 6d. nett, or in a handy Portfolio, 14s. netf , or bound in strong Cloth Cas**, price 15s. nett.
Spare Tabulated Sheets for Observations, price id. each nett. Strong Portfolios can a'so be
supplied, price is. 6d, each. Fhe best quality Foolscap Sectional Paper for Drawings (i6in by
ijin.) can be supplied, price gd. per dozen sheets nett.

A Sample Copy of any one of the Notes and Forms will be sent post free to any Teaching
Establishment, or to the Professor or Demonstrator of a Class for Electro-Technology. A complete
Prospectus will also be sent post iree on application.
N.B.—A limited number of the first 4-0 of the Notes and Forms, set out on previous page,

can be supplied in a smaller size (io| by 8), bound in strong cloth, price 6s. nett, post free.

Fleming—THE ALTERNATE CURRENT TRANSFORMER
IN THEORY AND PRACTICE. By Prof. J. A. Fleming, M. A., D.Sc, F.R.S., M.R.I.,
&c. Vol. I. New Edition—Almost entirely Rewritten, and brough' up to date. More
than 600 pages and 213 illustrations, 12s. 6d. post free; abroad, 13s. Vol II. Ihiid issue.

More than 600 pages and over 300 illustrations, 12s. od. post free; abroad, 13s.

Since the first edition of this rreatise was published, the study of the properties and appli-
cations of alternating electric currents has made enormous progress The Author has,
accordingly, rewritten the greater part of the chapters, and availed himself of various criticisms,
with the desire of removing mistakes and remedying defects of treatment. In the hope that this

will be found to render the book still useful to the increasing numbers of those who are practically
engaged in alternating-current work, he has sought, as far as possible, to avoid academic methods
and keep in touch with the necessities of the student who has to deal with the subject not as a
basis for mathematical gymnastics but with the object of acquiring practically useful knowledge.

Fleming—A HANDBOOK FOR THE ELECTRICAL LABORA^
TORY AND TESTING ROOM By Dr. J. A. Fleming, M.A., F.R.S., M.R.I , 8cc.

Vol. I., price i2s. 6d, nett, post free 13s. Vol. II., 14s. nett.

This Handbook has been written especially to meet the requirements of Electrical
Engineers in Supply Stations, Electrical Factories and Testing Rooms. The Book consists ol a
series of Chapters each describing the most approved and practical methods of conducting some
one class of Electrical Measurements, such as those of Resistance, Electromotive Force, Current,
Power, &c., &c. It does not contain merely an indiscriminate collection ot Physical Laboratory,
processes without regard to suitability lor Engineering Work. The Author has brought to
its compilation a long practical experience of the methods described, and it will be found to be a
digest of the best experience in Electrical lesting. The Volumes contain a useful Chapter on
the Equipment ot iilectrical Laboratories and numerous Tables of Electrical Data.

SvNOPsis OF Contents.
Vol L

Chapter I.—Equipment of an Electrical Test-
ing Room.

,, II.—The Measurement of Electrical
Resistance.

„ III.—The Measurement of Electric
Current.

„ IV.—The Measurement of E.M.F.
„ V.—TheMeasurement ofElectricPower.

Vol n.
Chapter I.—The Measurement of Electric

Quantity and Knergy.
,, II.—The Measurement of Capacity

and Inductance.
„ III.—Photometry.
„ IV.—Magnetic and Iron Testing.
„ V.—Dynamo, Motor and Transformer

Testing.

Fleming—HERTZIAN WAVE WIRELESS TELEGRAPHY:
A Reprint of a series of articles in the " Popular Science Monthly," based upon Dr.
Fleming's Cantor Lectures before the Society of Arts, 1903. By Dr. J. A. Fleming,
F.R.S. 108 large 8vo. pages, fully illustrated. 3s. 6d. nett.

Fleming.—ELECTRIC LAMPS AND ELECTRIC LIGHTING.
By Prof. J. A. Fleming, U.A., D.Sc. F.R.S. , M.R.I. Second Edition. Very fully illus-

trated, handsomely bound, on good paper, price 6s. nett

The original aim of a course of four lectures by Prof. J. A. Fleming on " Electric Illumina-
tion " was to offer to a general audience ;>uch non-technical explanations of the physical effects

and problems concerned in the modern applications of electricity for illumination purposes as
might serve to further an intelligent interest in the subject. The author has brought the second
edition into line with recent practice without departing from the elemet:tary character of the work.

Fleming—THE CENTENARY OF THE ELECTRIC CURRENT.
1799—1899. By Prof. J. A. Fleming, F.R.S. With Illustrations of early apparatus and
interesting Chronological Notes. In neat paper covers is. nett, post free is. 3d.

Fleming—THE ELECTRONIC THEORY OF ELECTRICITY.
By Prof. J. A. Fleming. M.A., D.Sc, F.R.S. Price is. 6d. post free.

Fynn—THE CLASSIFICATION OF ALTERNATE CURRENT
MOTORS. By V. A. Fynn, M.I.E.E. Fully Illustrated. 3s. nett.

Geipel and Kilgour—A POCKET-BOOK OF ELECTRICAL
ENGINEERING FORMULAE, &c. By W. Geipel and H. Kilgour. Second Edition.
800 pages. 7s. 6d. nett; post free at home or abroad, 7s. od.

With the extension of all branches of Electrical Engineering (and particularly the heavier
branches), the need of a publication of the Pocket-Book style dealing practically therewith
increases ; for while there are many such books referring to Mechanical Engineering, and several
dealing almost exclusively with the lighter branches of electrical work, none of these suffice for the

Eurposes of the numerous body of Electrical Engineers engaged in the application of electricity to
ignting, Traction, Transmission of Power, Metallurgy, and Chemical Manufacturing.

"^THE ELECTRICIAN " PRINTING & PUBLISHING CO., LTdT
I, 2 and 3, Salisbury Court, Fleet Street, Londony .0.



"THE ELECTRICIAN " PRIMERS
iy 'Vst.viouLS J%.ma.^]s.oi?s« [COPYRIQHT.J

Edited by Mr. W. R. COOPER, M.A., B.Sc, M.I.E.E.
Each Primer is complete in itself and gives a dear insight into the subject dealt with.

There are, in all, over 80 Primers in this Collection. The complete se*^ comprises over 1,000 pages
and (approximately) 550 illustrations, the greater portion specitUy drawn and made for these vol-

umes, and consequently Copyright. Following is a list of the subjects dealt with :—

Vol. I. THEORY (25

Pn'mets.) Price 3s. 6d. nett.

(For price of Single Copies

see below.

)

EflfeotB of an Electric Current
2. Conductors and Insulators . .

3. Ohm's Law
4. Electrical Units
6, Carves and their Uses
6. Primary Batteries
7. Arrangement of Batteries .

.

Electrolysis
9. Secondary Batteries .

.

10. Alternating Currents ..

11. Lines of Force
12. MagnetiRm and the Magnetic

Properties of Iron .

.

18. Galvanometers
14. Electrical Measuring Instru-

ments
16. Electrical Measurement*
16. Electricity Meters Direct Cur-

rent)
16a. Ditto (Alternating Current)
17. The Induction Coil .

.

18. Condensers
19. Influence Machines ..

20. Rontgen Rays & Radiography
21. Lightnmg Protectors ..

22. Thermopiles
28. Arithmetic of Electricity
21. Constants and Tables .

.

In addition to over Eighty
Primers comprised in the three
volumes, all upon carefully
selected subjects of both scien-
tific and industrial interest,
each volume contains an ample
Glossary of eiectro-
Technlcal ^Vorcls,
Terms and Phrases,
to aid the Student, Artisan and
General Reader in his compre-
hension of the subjects dealt
with. Each individual Primer
is followed by a List of Suitable
Books, &c., to be consulted
where the study of any par-
ticular subject is desired to be
extended.

Vol. II. Price 6s. nett.

Single Copies see below.)

ELECTRIC TRACTION,

ELECTRIC LIGHTING and

ELECTRIC POWER
(31 Primers.)

25. Dynamos and Direct Current Motors
26. Alternators and Alternate- Current

Motors
•27. Transformers and Converters..
28. Testing Electrical Machinery .

.

29. Management of Dynamos and Elec-
tric Machinery

30. Electric Wires and Cables
31. Underground Mains
32. Switchboards
33. switcuboard Devices
34. Systems of Elec. Distribution ..

35. Wectric Transmission of Power
36. Tramway Traction by Trolley
37. Tramway Traction by (OKDUIT
38. Tramway Traction by Subfack Con-

tact
39. Tramway Traction by Accumula-

tors
40. Electric Railways—Surburban Lines
41. Electric Automobiles

{For Price of
^

Vol, III. Price 4s. 6d. nett. (For price

of single Copies see below.)

TELEGRAPHY,
TELEPHONY,
ELECTROLYSIS and
MISCELLANEOUS
APPLICATIONS OF
ELECTRICITY.

[25 Primers.)

Telegraphy

:

—

Electric Ignition (17)

4S. Incandesceu Lamps (12)

44. Arc Lamps (9)

45. Street 1 ighting (3J

46. House Wiring for Electric Light .. (7)

47. Electric Driving in Factories and
Electric Cranes. . (1)

48. Electric Lifts (3)

49. Steam Engines (—

)

50. Steam Boilers (10)

51. The Equipment of Electricity Gene-
rating Stations (4)

52. Gas and Oil Engines (14)

53. Producer Plant (H)
54. Comparative Advantages of Steam

and Producer Gas for Power
Production (_)

55. Designing and Estimating for Small
Installations (—

)

56. Elements of Land, Submarine and
Wireless (8)

57 Duplex (7)

58. Double-Current Working .. .. (10)

59. Diplex and Quadruplex (9)

60. Multiplex (3)

61. Automatic Telegraph Apparatus
(VVheatstone Transmitter, Auto.
Curb Transmission, Anto. Trans-
mission for Submarine Cables) .. (11)

62. Cable Stations: General Working and
Electrical Adjustments .. .. (23

63. Laying, Jointing and Repair of Sub-
marine Cables (11)

64. Testing Submarine Cables
65. Testing Land lines
66. Aerial Telegraph Line Construction

and .lointing
67. Wireless Telegraphy

Jelepboay:—
fi8. The Telephone
69. Telephone Sets
70. Telephone Exchanges
71. Telephone Lines
72. Electric Bell Fitting and Internal

Telephone Wiring

Miscellaneous :—
73. Electric Keating & Cooking
74. Electric Welding
76. Klectric Furn ces
76. Electio-Deposition
77. Industrial Klec'rolysis
78. Photo Engraving
79. Electric < locks
80. Block Signalling on Eailways.. '.'.

(18)

(4)

<3)

(2)

(3)

(8)

(14)

(7)

(The figures in j)arentheses indicate the number of Illustrations.)

Price 3d. each, post free. Six copies of any one Primer post free for Is. 2d., 12 copies 2s.. 25 copies 48
iO copies 7s. 6a., 100 copies 14s. Or 5u copies of the Primers assorted (not less than 6 of any one
Pnmer) for 9s.; or 100 copies of the Primers assorted (not less than 12 of any Primer) for 16s. 6d.

Larger numbers by arrangement.

AN ADDITIONAL VOLUME IS IN PROGRESS.
"THE ELECTRICIAN " PRIMERS are Published

In QBE YOLDME, Cloth, price IPs, 6d.nett(^^iiT'')

In THREE VOLUMES, price 1 2s. 6d. nett, complete
Postage 9d extra.

Vol. 1. price 3s. 6d. nett

Vol. II. ditto es. 0«a. nett

Vol. III. ditto 4s. 6d. nett

And in separate form as above described.

(If sent by post. Sd. extra per volume.)

Of (tU Booksellers and Agents at Home and Abroad, or direct from

THE ELECTRICIAN" PRINTING & PUBLISHING COMPANY, Ltd.,
1, 2 and 3, SALISBURY COURT, FLEET STREET, LONDON, ENGLAND.
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Gerhardi—ELECTRICITY METERS, THEIR CONSTRUCTION
AND MANAGEMENT. A Practical Manual for Central Station Engineers, Distri-

buting: Engineers, and Students. By C. H. W. Gerhardi. 8vo. Fully illustrated, gs. nett.

This valuable Practical Manual on the Management of Electricity Meters, which will form
a Tolume in "Thk Electrician " Series, will be published shortly. The Author has had many
fears' exceptional experience with Electricity Metiers as chief ot the Testing Department of the
argest electricity supply undertaking in the United Kingdom. Mr. Gerhardi's intimate acquain-
tance with the working of all existing meters on the market, and with the details of their construc-

tion, is a guarantee that the book will meet the requirements of those engaged in work in which the

Electricity Meter forms an essential part. In the division of the book devoted to " Testing," Mr.
Gerhardi's experience will prove of the greatest service to supply st.ition engineers and managers

Goldschmidt—ALTERNATING CURRENT COMMUTATOR
MO rORS. By Dr. Ing. R. Goldschmidt. 6s. 6d. neti.

Since Dr. Goldschmidt's book was published in 1909. it has had a steady regular sale, and
is now recognised as an iiAportant contribution to the subject upon which it so ably treats.

In addition to the main subject of the book, there is a division entirely devoted to The
Leakage of Induction Motors.

Gore—THE ART OF ELECTROLYTIC SEPARATION OF
METALS. By Dr. George Gore. Over 300 pages, 106 illustrations. Price los. 6d. post free.

Dr. Gore's work is ot the utmost service in connection with all classes ot electrolytic work con-
nected with the refining of metals. The book contains both the science and the art of the subject
(both the theoretical principles upon which the art is based and the practical rules and details of tech-

nical application on a commercial scale), so that it is suitable for both students and manufacturers.

Gore—ELECTRO-CHEMISTRY. By Dr. G. Gore- Price 2S.
post free.

At the time when this book first appeared no separate treatise on Electro-Chemistry
existed in the English language, and Dr. Gore, whose books on electro-metallurgy, electro-

deposition and other important branches of electro-technical work are known throughout the
world, has collected together amass of useful information, arranged in consecutive order, and
giving brief descriptions of the laws and general principles which underlie Electro-Chemistry.

Hawkins—THE THEORY OF COMMUTATION. By C. C.
Hawkins, M.A., M.I.E.E. Paper covers, as. 6d. nett.

Heaviside—ELECTROMAGNETIC THEORY. By Oliver Heavi-
side. Vol.1. Second issue. 466 pages. Pricei2s.6d., post free 13s. Vol. II. 568 pages.

Price I2S. 6d. post free; abroad 13s.

Extractfront Preface to Vol. I.—This work is something approaching a connect^fi treatise

on electrical theory, though without the strict formality usually associated with a treatise. The
following are some of the leading points in this volume. The first chapter is introductory. The
second consists of an outline scheme of the fundamentals of electrouiagnetic theory from the
Faraday-Maxwell point of view, with some small modifications and extensions upon Maxwell's
equations. The third chapter is devoted to vector algebra and analysis, in the form used by me
in former papers. The fourth chapter is devoted to the theory of plane electromagnetic waves,
and, being mainly descriptive, may perhaps be read with profit by many who are unable to tackle

the mathematical theory comprehensively. I have included tne application of the theory (in

duplex form) to straight wires, and also an account of the eflfects of self-induction and leakage.

Extract from Preface to Vol.11.—From one'point of view this volume consists essentially

of a detailed development of the mathematical theory of the propagation of plane electro-

magnetic waves in conducting dielectrics, according to Maxwell's theory, somewhat extended.
From another point of view, it is the development of the theory of the propagation of waves along
wires. But on account of the important applications, ranging from Atlantic telegraphy, through
ordinary telegraphy and telephony, to Hertzian waves along wires, the Author has usually

preferred to express results in terms of the concrete voltage and current, rather than the specific

electric and magnetic forces belonging to a single tube of flux of energy. . . . The theory of

the latest kind of so-called wireless telegraphy (Lodge, Marconi, &c.) has been somewhat
anticip.ited, since the waves sent up the vertical wire are hemispherical, with their equatorial

bases on the ground or sea, which they run along in expanding. {See \ 60, Vol. I. ; a/jo J393 in

this volume.) The author's old predictions relating to skin conduction, and to the possibilities of

long-distance telephony have been abundantly verified in advancing practice; and his old

predictions relating to the behaviour of approximately distortionless circuits have also received

fair support in the quantitative observation of Hertzian waves along wires.

With regard to Vol. III. of Mr. Oliver Heaviside's ver>' important work on Electromagnetic
Theory, the Publishers desire to state that Vol. III. is approaching completion, and will be
found, when ready, to be>n exceedingly valuable addition to the previous volumes. It will provide

the means of solving many of the problems which those eneaged m practical electrical industrial

operations are called upon to consider, and will be to the scientist a work of inestimable value*

Heaviside— ** ELECTRICAL PAPERS." In Two Volumes. By
Oliver Heaviside. Price j^3 : 3s. nett.

The first twelve articles of Vol. L deal mainly with Telegraphy, and the next eight with the
Theory of the Propagation of Variations of Current along Wires. Then follows a series of
Papers relating to lilectrical Theory in general.

The contents of Vol. IT, include numerous Papers on Electro-Magnetic Induction and its

Propagation, on the Self-induction of Wires, on Resistance and Conductance Operators and

"THE ELECTRICIAN " PRINTING & PUBLISHING CO., LTD.
I 2 and 3, Salisbury Court, Fleet Street, London EC.
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their Derivatives Inductance and Permittance, on Electro-Magnetic Waves, a general solution
of Maxwell's Electro-Magnetic Equations in a Homogeneous Isotropic Medium, Notes on Nomen-
clature, on the Iheorj' of the Telephone, on Hysteresis, Lightning Conductors, &c.

These two Volumes are scarce and are not likel}' to be reprinted.

Hickman—THE PRACTICAL WIRELESS SLIDE RULE. By
Dr. H. R. Belcher Hickman. Now Ready. 2s. 6d. nett, in envelope, post free, 2S. gd.
In leather case 3s., post free 3s. 3d.

Dr. Belcher Hickman's Practical Wireless Slide Rule will prove an indispensable com-
panion to all who have calculations to make in connection with Wireless Telegraphy, Telephony
and allied subjects. The Slide Rule has been very carefully prepared, and has been approved by
several of our leading wireless expefts. The fullest directions are provided for using the rule.

Jehl—CARBON MAKING FOR ALL ELECTRICAL PUR-
POSES. By Francis Jehl. Fully illustrated. Price los. 6d. -post free.

This work gives a concise account of the process of making High Grade and other
Carbon for Electric Lighting, Electrolytic, and all other electrical purposes.

Contents.
Chapter I.—Physical Properties of Carbon.

„ II.—Historical Notes.
„ III.—Facts concerning Carbon.
,, IV.—The Modern Process of Manu-

facturing Carbons.
„ V.—Hints to Carbon Manufacturers

and Electric Light Engineers.
„ VI.—A "New" Raw Material.
„ VII.—Gas Generators.
„ VIII.—The Furnace.

Chapter IX.—The Estimation of High Tem-
peratures.

,, X.—Gas Anal3'sis.

,, XI.—On the Capital necessary for

starting Carbon Works. &c.

,, XII.—The Manufacture of Electrodes
on a Small Scale.

,, XIII.—Building a Carbon Factory.
„ XIA''.—Soot or Lamp Black.
,, XV.—Soot Factories.

Kennelly and Wilkinson—PRACTICAL NOTES FOR ELEC-
TRICAI. STUDENTS. Laws, Units and Simple Measuring Instruments. By A. E,
Kennelly and H. D. Wilkinson. 320 pages, 155 illustrations. Price 6s. 6d. post free.

Kershaw—THE ELECTRIC FURNACE IN IRON AND STEEL
PRODUCTION. Byjohn B.C. Kershaw, F.I. C. Fully illustrated. 8vo. Price3S. 6d. nett.

Kilgour—fe GEIPEL AND KILGOUR.

Lemstrom—ELECTRICITY IN AGRICULTURE AND HORTI-
CULTURE. By Prof. S. Lemstrom. With illustrations. Price 3s. 6d. nett.

The late Dr. Lemstrcim's work in connection with the Application of Electricity to
Agriculture and Horticulture has attained world-wide recognition, and in the development,
which this branch of Electrical Science and Application is undergoing Prof. Lemstrora's valuable
early experiments prove of the greatest service. The book is circulating in all parts of the world,
as it is realised that there are great possibilitiej in front of us in regard to this great question.

Livingstone—THE MECHANICAL DESIGN AND CON-
STRUCTIO^J OF COMMUTATORS. By R. Livingstone. Very fully illustrated.

NoTU Ready. Price 6s. nett.

This book is intended principally for draughtsmen and engineers engaged in the design of
electrical machinery, but it wi 1 also be found useful by students. . . . The two types dealt with
represent the most general present-day practice in commutator construction, anU will serve to
show the principles involved in design.

Livingstone—THE MECHANICAL DESIGN AND CONSTRUC-
TION of generators. By R. Livingstone. In Preparation.

The greater portion of Mr. L'vingstone's work on the subject of the Electrical Design and
Construction of Generators is in the printers' hands, .-.nd it is anticipated that the new book will be ready
for the Spring of igii. One of the num::rous illustrations which this valuable book will contain is the

Diagram for Calculating the 13eflections of Shafts and Beams above mentioned. The obvious importance
o<" this diagram has led the publishers to issue it in separate form.

Livingstone—LIVINGSTONE'S DIAGRAM FOR THE EASY
CALCULATION OF SHAFT AND B tiAM DEFLECTIONS. With full v worked
out examples for use. No7v Ready. On hard paper, price 2s. 6d nett ; by post, in tube,
2S. lod. On card, 3s. nett; by post, in tube, 3s. 6d. 10 per cent, reduction on orders for
6 copies; 15 per cent, for 12 to 20 copies ; 20 per cent, above 20 copies up to 50 ; beyond
50 333 per cent.

This Diagram will be found indispensable to Draughtsme i and Engineers whose work involves

the calculation of Sharfc and Beam deflections. As this class of calculation is almost universal in

Draughtsmen's and Engineers' offices, it is anticipated by the Publishers that a large demand will arise

for this time and labour-savin:r device.

"THE ELECTRICIAN" PRINTING & PUBLISHING CO., LTD.,
I, 2 and 3, Salisbury Court, Fleet Street, London, E.G.



( " )

Lodge—WIRELESS TELEGRAPHY.—SIGNALLING ACROSS
SPACE WITHOUT WIRES. By Sir Oliver J. Lodge, D.Sc. F.R.S. New and
Enlarged Edition. Very fully illustrated. Price 55. nett, post free 5s. 3d.

The new edition forms a complete Illustrated Treatise on Hertzian Wave Work. The Full
Notes of the interesting Lecture delivered by the Author before the Royal Institution, London, in

June, 1894, orm the first chapter of the book. The second chapter is devoted to the Application
of Hertz Waves and Coherer Signalling to Telegraphy, while Chapter III. gives Details of other
Telegraphic Developments. In Chapter I V. a history of the Coherer Principle is given, including
Professor Hughes' Early Observations before Hertz or Branly, and the work of M. Branly.
Chapters are also devoted to '* Communications with respect to Coherer Phenomena on a Large
Scale," the "Photo-Electric Researches of Drs. Elster and Geitel," and the Photo-Electnc
Researches of Prof. Righi.

MAINS SUPERINTENDENT'S AND LINESMAN'S POCKET
BOOK. See p. 12.

Maurice—ELECTRIC BLASTING APPARATUS AND EXPLO-
SIVES, WITH SPECIAL REFERENCE TO COLLIERY PRACTICE. By Wm.
Maurice, M.Nat.Assoc.of Colliery Managers, M.I.Min.E., A.M.I.E.P'-. Price 8s. 6d. nett.

The aim of this book is to prove itself a useful work of reference to Mine Managers,
Engineers and others engaged in administrative occupations by affording concise information
concerning the most approved kinds of apparatus, the classification and properties of explosives,
a.nd the best known means of preventing accidents in tht; use of them. The work gives not only
aM. explanation of the construction and safe application of blasting appliances, the properties of
explosives, and the difficulties and dangers incurred in daily work, but it also serves as an easy
introduction to the study of electricity—without at least a rudimentary knowledge of which no
mining official can now be considered adequately trained. Particular attention has been devoted
to the problem of safe shot firing in coal mines, and an attempt has been made to present the
saost reliable information on the subject that experience and recent research have made possible.

Maurice—THE SHOT-FIRER'S GUIDE : A Practical Manual on
Blasting and the Prevention of Blasting Accidents. By W. Maurice, M.I.M.E., A.LE.E.
3s. 6d. nett.

This work covers the entire field of mining work in collieries, quarries, &c., where shot
firing is an essential part of the operations. The work has been specially prepared in the
popular Question and Answer setting as a Guide Book for the use of Colliery Managers. Mining
Students, Underground Officials, Quarry Owners and all interested in the safe application of
Explosives. "The Shotfirer's Guide " contains references to the latest researches into the Coal
Dust question, including Dr. Henry Payne's Paper before the Coal Mining Institute of America,
Dr. Snell's Presidential Address to the British Medical Association, and the Experiments that

are being carried out by the Mining Association of Great Britain at Altofts. Such a book will

be indispensable alike to busy mine managers, whose reading time is limited, and to students
and workmen who realise the necessity for making themselves thoroughly anfait with one of the
most difficult of mining problems. A:collection of Examination Questions lelating to Shot-
firing is appended.

Phillips—THE BIBLIOGRAPHY OF X-RAY LITERATURE
AND RESEARCH. Being a carefully and accurately compiled Ready Reference Index
to the Literature on Rontgen or X-Rays. Edited by C. E. S. Phillips. With an Historical
Retrospect and a Chapter, " Practical Hints," on X-Ray work by the Editor. Price 5s.

Pritchard-THE MANUFACTURE OF ELECTRIC LIGHT
CARBONS. By O. G. Pritchard. A Practical Guide to the Establishment of a Carbon
Manufactory. Fully illustrated. Price is. 6d., post free is. gd.

Raphael—THE LOCALISATION OF FAULTS IN ELECTRIC
LIGHT MAINS. By F. Charles Raphael. New Edition. Price 7s. 6d. nett.

Although the localisation of faults in telegraph cables has been dealt with fully in several

hand-books and pocket-books, the treatment of faulty electric light and power cables has never

been discussed in an equally comprehensive manner. The conditions of the problems are,

however, very different in the two cases ; faults in telegraph cables are seldom localised before

their resistance has become low compared with the resistance of the cable itself, while in electric

light work the contrary almost always obtains. This fact alone entirely changes the method of

treatment required in the latter case, and it has been the Author's endeavour, by dealing with the

matter systematically, and as a separate subject, to adequately fill a gap in technical literature.

Raymond-Barker—THE TWO-TONE VIBRATING trans-
mitter ANi» CABLE INDUCTIVE SIGNALLING. By Edward Raymond-Barker.
M.I.C.E. Fully illustrated, is. nett ; by post, is. 3d.

This book gives a Description of a Novel Telegraphic Apparatus and Equal-Time-
Element System for Elrctro-Vibrating Telegraphic Working.

Among the uses to which this Book may be put, that of affording in Physical Lecture

Rooms interesting Examples illustrating Theoretical Principles will be found worthy of attention.

" THE ELECTRICIAN " PRINTING & PUBLISHING CO., LTD.,
I 2 and 3, Salisbury Court, Fleet Street, London. E.G.
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Robinson and Warrilow—"THE ELECTRICIAN" WIRE-
MAN'S POCKET-BOOK AND ELECTRICAL CONTRACTOR'S HANDBOOK.
Compiled by A. W. Robinson and W. E. Warrilow, A.M.I.E.E. Fully Illustrated.
5s. nett, by post 5s. 3d.

It has been decided to issue separately the section of "The Electrician " Wireman's
Linesman's and Mains Superintendent's Pocket Rook which deals with wiring and electrical
contracting matters exclusively. The book will contain: Data, Information, Diagrams and
Illustrations relating to the latest practice in Wiring Systems, Illuminating Engineering, Small
Trade Power Applications, Subsidiary Uses of Electrical Energ}^ Country House Installations,.

Rells and Telephones, &c< It will constitute a useful and reliable guide to modern wiring
practice and will contain a large quantity of hitherto unpublished matter.

THE NEW EDITION WILL BE READY EARLY IN 1911.

Following is a brief synopsis of the contents :—Systems of Wiring; Wiring Diagrams Typica
Interior and Exterior Installations (Residences, Shops, Churches, Chapels, Rublic Buildings,
Exhibitions, &c.); Temporary Wiring and Illumination; Testing and Testing Instruments;
Wiring Rules; Notes and Data on Illumirating Engineering; Metal Filament Lamps; Shades
and Reflectors; Lanterns and Special Fittings; Arc Lamps and Acressoiies; Illumination
Curves, &c. ; Country House Installations; Electric Heating and Cooking Apparatus for
Commercial and Home Purposes; Small Motors for Trade and Domestic Purposes; Erection
and Maintenance of Steam, Gas, Paraffin and Petrol Engines and Water Turbines; Batteries
and Switrhgear ; General Notes on Running of Plant ; Electric Ignition for Automobiles, Motor
Boats, Aeroplanes, &c.

Sayers—BRAKES FOR TRAMWAY CARS. By Henry M. Sayers,
M.I.E.E. Illustrated. 3s. 6d. nett,

A series of valuable articles on the general principles which should determine the design
and choice of brakes for tramcars. Owing to the author's extensive experience in the construction
and working of tramways. This work should prove invaluable to engineers and managers of
tramway networks and all who are interested in tramway management.

Shaw—A FIRST-YEAR COURSE OF PRACTICAL MAGNET-
ISM AND ELECTRICITY. Bv P. E. Shaw. B.A., D.Sc, Senior Lecturer and Demon-
strator in Physics at University College, Nottingham. Price 2s. 6d. nett ; 2s. gd. post free.

The many small books on Elementary Practical Physics, which are suitable for schools or
for university intermediate students, all assume in the student a knowledge of at least the rudi-
ments of algebra, geometry, trigonometry and mechanics. There is, however, a large and grow-
ing class of technical students who have not even this primitive mathematical training, and who
cannot, or will not, acquire it as a foundation for physical science. Their trainine as boys in a
primary school has not been supplemented or maintained until, as skilled or unskilled artisans,
they find they require some knowledge of electricity in their daily work. They enter the labora-
tory and ask for an introduction to such fundamentals of the subject as most affect the arts and
crafts. On the one hand, mere qualitative experiments are of little use to these (or any other)
students; on the other hand, mathematical expressions are stumbling blocks to them. In
attempting to avoid both these evils. I have sought to make the experimental work as quantitative
as possible, yet to avoid mathematics. As novelties in such a work as this the ammeter and volt-
meter are freely introduced, also some simple applications of the subject—^.^., the telephone,
telegraph, &c. There are three introductory exercises, six exercises on magnetism, twenty on
electricity and six on the applications.

Soddy—RADIO-ACTIVITY : An Elementary Treatise from the
Standpoint of the Disintegration Theory. By Fredk. Soddy, M.A. Fully Illustrated, and
with a full Table of Contents and extended Index. 6s. 6d. nett.

Extractfrom Author's Preface.—\n this book the Author has attempted to give a con-
nected account of the remarkable series of investigations which have followed M. Becquerel'»
discovery in 1896 of a new property of the element Uranium. The discovery of this new pro-
perty of self-radiance, or "radio-activity," has proved to be the beginning of a new science, io
the development of which physics and chemistry have played equal parts, but which, in the
course of only eight years, has achieved an independent position. . . . Radio-activity has
passed from the position of a descriptive to that of a philosophical science, and in its main
generalisations must exert a profound influence on almost every other branch of knowledge.
It has been recognised that there is a vast and hitherto almost unsuspected store of energy bound
in, and in some way associated with, the unit of elementary matter represented by the atom of
Dalton. . . . Since the relations between energy and matter const tute the ultimate ground-
work of every philosophical science, the influence of these generalisations on allied branches of
knowledge is a matter of extreme interest at the present time. The object of the book has been
to give to Students and all those who are interested in any branch of science a connected account
of the main arguments and chief experimental data by which the results so far attained have been
achieved.

Telephony—BRITISH POST OFFICE TELEPHONE SERVICE.
An illustrated description of the Exchanges ot the Post Office Trunk and Metropolitan
Telephone Services, giving much interesting information concerning these Exchanges.
Now ready, 8vo, very fully illustrated. Price 3s. 6d. nett.

In this work an illustrated description is given of the Trunk, Central and other Exchanges-
ot the British Post Office Telephone Service in the London Metropolitan area. The descriptions
of the various exchanges are complete, and the illustrations show the disposition ot the plant and'

the tyoes of all the apparatus used. In view of the early acquisition by the Post Office of the
undertaking of the National Telephone Company this work is of considerable interest.

« THE ELECTRICIAN '^ PRINTING & PUBLISHING CO., LTD,,
I, 2 and 3, Salisbur)- Court, Fleet Street, London, E.C.
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"Wade—SECONDARY BATTERIES : THEIR MANUFACTURE
AND USE. By E.J. Wade. Nowready. soopages. 265 Illustrations. Price los. 6d. nett.

In this work the Author deals briefly with the Theory and very fully with the Chemistry,
Desipn, Construction and Manufacture of Secondary Batteries or Accumulators. Prospectuses,

post free, on application.

The scope of Mr. "Wade's important work covers the whole class of apparatus embraced in

the theory, construction and use ot the secondary battery. The major portion of the book treat»

the accumulator purely from the point of view of an appliance which fulfils an important and
definite purpose in electrical engineering practice, and whose manufacture, use and properties

must be understood just as fully as those of a generator or a transformer. The concluding

chapter (X.) gives a complete description of all modern electrical accumulators. The book
contains 26s illustrations and a very copious index:

Warrilow—&^ ROBINSON AND WARRILOW.

Weymouth—DRUM ARMATURES AND COMMUTATORS
(THEORY AND PRACTICE). By F. M. Weymouth. Fully Illustrated. Price 7s. 6d.

post free.

Wilkinson—SUBMARINE CABLE-LAYING AND REPAIRING.
By H. D. Wilkinson, M.I.E.E., &c. Over 400 pages and 200 specially drawn illustrations.

New Edition now ready. Price 15s. nett.

This work describes the procedure on board ship when removing a fault or break in a
submerged cable and the mechanical gear used in different vessels for this purpose ; and considers
the best and most recent practice as regards the electrical tests in use for the detection and
localisation of faults, and the various difficulties that occur to the beginner. It gives a detailed
technical summary of modem practice in Manufacturing, Laying, Testing and Repairing a Sub-
marine Telegraph Cable. The testing section and details of 'boardship practice have been prepared
with the object and hope of helping men in the cable services who are looking further into these
branches.

Young—ELECTRICAL TESTING FOR TELEGRAPH ENGI-
NEERS. By J. Elton Young. Very fully illustrated. Price 10s. 6d., post free i is.

This book embodies up-to-date theory and practice in all that concerns everyday work of
the Telegraph Engineer.

Contents.
Chapter VII.—Measurement of Inductive Capa-

city.

„ VIII.—Localisation of Disconnections.
„ IX.—Localisation of Earth and Con-

tacts.

,, X.—Corrections of Localisation Tests,

,, XI.—Submarine Cable Testing during
Manufacture, Laying and
Working.

„ XII.—Submarine Cable Testing during
Localisation and Repairs.

Chapter I.—Remarks on Testing Apparatus,

,, II.—Measurements of Current, Poten-
tial, and Battery Resis-
tance.

„ III.—Natural and Fault Current.

„ IV.—Measurement of Conductor Re-
sistance.

,, V.—Measurement of Insulation Re-
sistance.

„ VI.—Corrections for Conduction and
Insulation Tests.

In the Appendices numerous tables and curves of interest to Telegraph Engineers are given.

Wireless-THE INTERNATIONAL TELEGRAPH CONVEN-
TION AND SERVICE REGULATIONS. (Lisbon Revision, 1908). The complete
Official Fr-^nch Text with English Translation in parallel columns, by C. E. J. Twisaday
(India Cffice, London), Geo. R. Neilson (Eastern Telegraph Co., London), and officially

revised by permission of H.B.M. Postmaster-General. Cloth (foolscap folio), 6s. nett;

(demy folio), 8s. 6d. nett, or foolscap, interleaved ruled paper, 8s. 6d. nett. Postage 6d.

;

abroad, gd.

INTERNATIONAL WIRELESS TELEGRAPH CONFERENCE,
BERLIN, 1903. Full Report of the Proceedings at the Conference. Translated
into English by G. R. Neilson. Officially accepted by the Post Office Authorities.
Bound Cloth, 6s. postage per copy 6d., abroad is.

INTERNATIONAL RADIO-TELEGRAPHIC CONFERENCE,
BERLIN, October-November, 1906, with the International Radio-Telegraphic Coaven-
tion, Additional Undertaking, Final Protocol and Service Regulations in French and
English. Officially accepted Translation into English of the complete Proceedings at
this Conference. This translation, which has been made by Mr. G. R. Neilson, is pub-
lished under the authority of H.H.M. Postmaster-General, and is accepted as official by
the British Government Departments concerned. Strongly bound in cloth, 15s. nett;
leather, 19s. nett. (lettered free). Postage per copy : U.K. 6d. ; abroad is. 6d.

Woods—^THER : A Theory of the Nature of ^ther and of its

Place in the Universe. By Hugh Woods, M.D., M.A.O., B.Ch., B.A. 8vo. Bound
strong cloth. Price 4s. 6d. nett, post free 4s. gd.
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Hansard—TRAMWAY TRACTIVE EFFORT AND POWER
DIAGRAM. By A. G. Hansard, B.A., M.I.E.E. Price 2s. 6(1., post free in tube 3s.

mounted on linen, 5s., post free.

ELECTRICITY IN MINES.—Under the new Rules and Regula-
tions concerning the Use of Electricity in Mining Operations, it is compulsory that
directions for the effective Treatment of Cases of Apparent Death from Electric Shock be
conspicuously placed in certain prescribed positions in the Mines.

A set of these DIRECTIONS, with illustrations showing the method of application,
accompanied by PRECAUTIONS to be adopted to prevent danger from the electric current;
and INSTRUCTIONS for dealing with BROKEN ELECTRIC WIRES, is now ready.

Prices :—On paper, lyin. by lajin 4d. each
;

3s. 6d. per dozen.
On card, ditto .. ., 8d, „ 6s. 6d. „

Post free or carriage paid in each case,

*'THE ELECTRICIAN" PRIMERS. Seecompletelistonp.8.

A further volume of " The Electrician" Primers is in the press, and it is anticipated that
this will be ready sometime in 191 1. The new volume will deal exclusively with practical
applications of electricity to induscrial operations. Public announcement of the subjects to be
covered by the new volume will be made shortly.

Portraits—STEEL-PLATE PORTRAITS. Price is. each; post
free on Roller, is. 2d. India mounts is. extra. Or framed in neat Black Pillar or Brown
Ornamental Frames, price 4s. 6d. ; carriage paid (U.K.) 5s. If with mounts is. extra.

Lord Kelvin. | Prof. W. E. Ayrton. , *Michael Faraday.
Sir William Crookes.

|
Dr. John Hopkinson, M.A. *Wili.oughby Smith.
SiK JosKPH Wilson Swan.

j

Sir James Anderson.
Werner von Siemens.

,
Cyrus W. Field.

Sir Wm. Sihmens. i Sir W. H. Preece, K.C.B.
Alexander Siemens.

; Sir Henry C. Mance, C.I.E.
Col. R. E. B. Crompton, C.B.

j

C. H. B. Patey, C.B.

Sir Oliver J Lodge
Hermann von Helmholtz.
Lord Rayleigh. [F.R.S
Prof. Sir T. J. Thomson,

HeHeinrich Hertz.
William Sturgeon. ' Sir Tohn Pender, G.CM. G. I * is. extra.

"THE ELECTRICIAN" ELECTRICITY SUPPLY,

POWER AND HEATING BOOKLETS.
A number of J^ooklets and Leaflets dealing with the various Applications of Electricity to Local Con-

sumers has been prepared by Air. W. E. Warrilow, A.M l.n.E., and these have had a large circulation.

They are being added to from tims to time, and ths list available at September, 1910, includes the
following :

—

INDUSTRIAL POWER SERIES.
1. Electric Power in Woodworking Shops. 6. Portable Electric T.ds an! Appliances
2. Electric Power in Engineers' Workshops. 7. Ten Minut<-s with the Electric Alotor (C.C.).

3. Electric Power in Printing Works. 8. J en Minutes with the I hree-Phase Motor.
4. Electric Passenger and (iuods Lifts. 9. Electric Organ Hlowingf.

5. Electric Power in Bakeries. 10. What the Small Motor Can Do.

LIGHT AND HEAT SERIES.
1. White and Golden Lights (Flame Arcs). 3. Electricitv' in the Kitchen.

2. Electric Heat in the rio^ne. 4, Electric Signs. 5. Electric Fans,

These Booklets are supplied at the prices below set out:

—

Prices for "Industrial Power" and "Light and Heat' Series of Copyright
Booklets.

Z S d
_

;C S. d.

50 copies 010 o 500 copies 310 o \ Net assorted.
100 „ 017 6 750 ,, 410 o .- If of any one Book-
250 , I 17 6 1,000 ,, 5 5 o) let less 5 per cent.
If orderrd in quantiii s of not less than 2^0 (assorted or otherwise), the front and back pages of the

Booklets (whether white paper or coloured) can be printed with text or illustrations supplied by the
Purchaser at the prices following :

—

s. d. s. d.

250 copies 10 9 extra. 1,000 copies 15 6 extra.

500 ,, 12 6 ,, i>5oo ,, 17 9 ,,

750 „ 14 o ,, v,ooo ,, 20 o ,,

Or Purchasers' own covers can be a t chsd to the pamphlets (carefully printed to cut to the booklet
size), at a small charge for the work involved. In this way any printed matter can be included wih the,

Booklets.

I
Estimates for any desired printed matter in connection with the Booklets, either bound in or separately,

will be furnished free on request.

Special texc and ii;ustrations for pamphlet literature on any electrical subject will be provided
jpromptly on application to the Industrial Department, "The Electrician " Printing & Publishing Co.,

Ltd., I, 2 and 3. Salisbury Court, blest Street, London, E.C. (Telephone: Holborn 6363, 2 lines.)
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I, 2 and 3, Salisbury Court, Fleet Street, London E.C
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ELECTRICITY SUPPLY, TRACTION AND POWER TABLES,
Useful and Complete Group of Statistics, &c., for Local Authorities, Supply Station

Engineers, Consulting and Contracting Engineers, Manufacturing and Supply Houses, 8cc.

TABLE I.—Electricity Supply Undertakings of the United Kingdom, with no Tram-
way Load, containing particulars ol the- System employed, Voltage, Frequency, Connec-
tions, Number of Consumers, &c., and complete Technical Information as to the

Equipment of each Station.

TABLES la and II.—Towns taking Electricity Supply "In Bulk," giving full particulars
in each case ; and Eiectiicity Works Suppl3ang bcth Lighting and Tramways,
containing similar inforraatiou to Table 1. for Stations with a Combined Lighting and
Tramway Load.

TABLE III.—Electric Power Undertakings of the United Kingdom, containing a List of

the various Power Companies, particulars of tlie Systems employed and Areas covered
(with Maps up-to-date), and Technical Information with regard to the Stations, Mains,
Sub-stations, &c.

TABLES IV., V. and VI. —Electric Tramways and Railways of the United Kingdom
including those with their own Power Houses and those which buy their Power. For the
former full particulars are given as to Power Station Equipment, and in both cases
information is included as to Track, Line Equipment, Feeders, Rolling Stock, 8^c.

TABLES VII. and VIII.—Colonial and Foreign Electricity SupplyWorks, giving technical
particulars of the Generating Plant, System of Distribution, Periodicities, Voltages.
Connections to Mains, &c.. of the principal Electricity Supply Undertakings of the
Colonies, Central and South America, Japan, &c., &c.. and Colonial and Foreign
Electric Tramways, giving particulars of Power House Equipment, Track, Line
Equipment, Feeders, Rolling Stock, &c. A valuable compilation for exporters of engi-
neering specialities.

The whole set will be sent (complete with Index) post free for 6s. 6d., or, if printed on hard
paper, for rough usage 7s. 6d.

This complete Set of "ELECTRICIAN" TABLES, frc, forms the most Complete and Useful
Group of Statistics ever prepared for Central Stations, Electrical Engineers' and Contractors'
Offices, Local Authorities, Manufacturing and Supply Houses. &c., and gives at a glance all

information likely to be required in the preparation ofTechnical Data, Statistical Statements, &c.

The information is prepared in a form which enables comparison to be readily made. To Manu-
facturers and Supplies Dealers the Tables are indispensable.

ELECTRICITY UNDERTAKERS
will find these Publications of great value for Reference in discussions upon questions

relating to Electricity Supply for Lighting, Power Transmission, Tramways, &c.

SELECTED LIST OF STANDARD WORKS FOR
ELECTRICAL AND MECHANICAL ENGINEERS,

STUDENTS. &c.

Adams—ELECTRIC TRANSMISSION OF WATER-POWER. By
A. D. Adams. 13s. nett.

Allsop—PRACTICAL ELECTRIC LIGHT FITTING. By F. C-
Allsop. .«;«.

Andrews—ELECTRICITY CONTROL: A Treatise on Electric
Switch-gear and Systems of Electric Transmission. By L. Andrews. 12s. 6d. nett.

Avery—AUTO-TRANSFORMER DESIGN. By A. H. Avery. 3s. 6d.
nett.

Ayrton and Mather—PRACTICAL ELECTRICITY. By the late
Prof. W. E. Ayrton. Revised and largely re-written by Prof. T. Mather, cs. nett.

Baker—THE TELEGRAPHIC TRANSMISSION OF PHOTO-
GRAPHS. By T. Thorne Haker. 2s. 6d. nett.

Barr—PRINCIPLES OF DIRECT CURRENT ELECTRICAL
ENGIN h:ER1NG. By Jas. R. Barr. los. nett.

Bedell and Pierce—DIRECT AND ALTERNATING CUR
RENT TES'lTNG. By F. Bede)], assisted by C. A Pierce. 8s. 6d. nett.

Bell—ELECTRICAL POWER TRANSMISSION. By Dr.Louis Bell.
Fifth Edition. i6s. nett.
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Bell—POWER DISTRIBUTION FOR ELECTRIC RAILROADS.
By Dr. L. Bell. lis.

Blount.—PRACTICAL ELECTRO-CHEMISTRY. By B. Blount.
Second Edition. 15s. nett.

Bohle and Robertson—TRANSFORMERS. By H. Bohle and
D. Robertson. 21s. nett.

Booth—SUPI':rHEAT, superheating and THEIR CON-
TROL. By W. H. Booth. 6s. nett.

Booth—WATER SOFTENING AND TREATMENT. By W. H.
Booth. 7S. 6d. nett.

Booth and Kershaw—SMOKE PREVENTION AND FUEL
ECONOMY. By W. H. Booth and J. B. C. Kershaw. 6s.

Bose—PLANT RESPONSE AS A MEANS OF PHYSIOLOGICAL
INVESTIGATION. By Prof. J. C. Bose, C.B. 21s. nett.

Buchetti—ENGINE TESTS AND BOILER EFFICIENCIES.
By J. Buchetti. Edited and translated by Alex. Russell, M.A., M.I.E.E. los. 6d. nett.

Burns—ELECTRICAL PRACTICE IN COLLIERIES. By D.
Burns. M.I.M.E. Second Edition, 7s. 6d. nett.

Clerk—THE GAS, PETROL AND OIL ENGINE. By Dugald
Clerk. Vol. I. 12s. 6d. nett

Clerk Maxwell—A TREATISE ON ELECTRICITY AND
MAGNETISM. By J. Clerk Maxwell, M. A., F.R.S. Third Edition. Two vols. ;^i.i2S.

Collins—MANUAL OF WIRELESS TELEGRAPHY. By A. F.
Collins. 6s. 6d. nett.

Collins—THE DESIGN AND CONSTRUCTION OF INDUC-
TION COILS. By A. F. Collins. 13s. 6d. nett.

Connan—SWITCHBOARD MEASURING INSTRUMENTS FOR
CONTINUOUS AND POLYPHASE SYSTEMS. By John C. Connan. 5s. nett.

Cooper—5^^ "THE ELECTRICIAN" PRIMERS, page 8.

Cooper—A TREATISE ON ELECTRO-METALLURGY. By
By W. G. McMillan. Third edition. Revised by W. R. Cooper. 12s. 6d. nett.

Coyle and Howe—ELECTRIC CABLES. By D. Coyle and F. J. O.
Howe. iss. nett.

Cramp—CONTINUOUS CURRENT MACHINE DESIGN. By
W. Cramp. 5s. nett.

Crotch—THE HUGHES AND BAUDOT TELEGRAPHS. By
A. Crotch. IS. 6d. nett. [2nd Edition. 7s. 6a. nett.

Crook—HIGH-FREQUENCY CURRENTS. By H. E. Crook.

Curry—THEORY OF ELECTRICITY AND MAGNETISM.
By C. E. Curry, Ph.D., with Preface by Prof. L. Boltzmann. 8vo., 460 pages. 8s. 6d. nett.

Cashing-STANDARD WIRING FOR ELECTRIC LIGHT AND
POWER. By H. C. Cashing, Jun. Strongly bound in cloth, 5s. post free.

Dawson—5^^ ELECTRIC TRACTION ON RAILWAYS, page 5.

Dawson—"THE ENGINEERING" AND ELECTRIC TRAC-
TION POCKET BOOK. By Philip Dawson, C.E., M.I.E.E. 3rd Edition. 20s. nett.

Del Mar—ELECTRIC POWER CONDUCTORS. By Wm. A.
Del Mar. 9s. nett.

Deventer—TELEPHONOLOGY. ByH. R. Van Deventer. 1 7s. nett.

Dowson and Larter—PRODUCER GAS. By J. Emerson Dowson
and A. T. Larter. los. 6d. nett.

Drysdale—THE FOUNDATIONS OF ALTERNATE-CURRENT
THEORY. By Dr. C. V. Drysdale. 8s. 6d. nett.
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>u Bois—THE MAGNETIC CIRCUIT IN THEORY AND
PRACTICE. By Dr. H. du Bois. Translated by Dr. E. Atkinson. 12s. nett

Edgcumbe—INDUSTRIAL ELECTRICAL MEASURING In-
struments. By Kenelm Edgcumbe. 8s. nett.

Erskine-Murray—WIRELESS TELEPHONY. By Ernst Ruhmer.
Translated by J. Erskine-Murray, D.Sc. los. 6d. nett.

Erskine-Murray—A HANDBOOK OF WIRELESS TELE-
GRAPHY. By J. Erskine-Murray. D.Sc. 2nd Edition. ios.6d. nett.

Everett—ELECTRICITY. By J. D. Everett, F.R.S. An Expan-
sion of Everett's" Deschanel," Part 1 1 1., on the lines of Modern Electrical Theory. 4s. 6d.

Ewing—THE STEAM ENGINE AND OTHER HEAT ENGINES.
By Prof. J. A. Ewing, F.R.S. Third edition. 155.

Ewing—MAGNETIC INDUCTION IN IRON AND OTHER
METALS. Seep.%

Faraday — EXPERIMENTAL RESEARCHES IN ELEC-
TRICITY. 1839-1855. Three Vols. 8vo. cloth. ;^2. 8s.

Field—THE PRINCIPLES OF ELECTRO-DEPOSITION. By
S. Field. 6s. nett.

Fischer-Hinnen—WIRKUNGSWEISE, BERECHNUNG UND
KONSTRUKTION ELEKTRISCHER GLEICHSTROM-MASCHINEN. By J.
Fischer-Hinnen. Fourth Edition. Revised and enlarged. 149.

Fleming—MAGNETS AND ELECTRIC CURRENTS. By Dr.
T. A. Fleming, M.A., F.R.S., &c. Crown 8vo., cloth, 7s 6d

Fleming—THE PRINCIPLES OF ELECTRIC WAVE TELE-
GRAPHY. By Prof. T. A. Fleming, M.A., D.Sc. 24s. nett.

Fleming.—See works of Dr. J. A. Fleming in "The Electrician" Series,
pages 5 and 6.

Foster—STEAM TURBINES AND TURBO-COMPRESSORS:
Their Design and Construction. By Frank Foster. los. 6d. nett.

Foster and Porter—ELEMENTARY TREATISE ON ELEC-
TRICITV AND MAGNETISM. By G.C. Foster, and A.W.Porter. 3rd Ed. ios.6d.nett.

Fournier—THE ELECTRONIC THEORY. By E. E. Fournier
d'Albe. 5s. nett.

Franklin—ELECTRIC WAVES. By W. S. Franklin. 13s. nett.

Franklin and Esty—DYNAMOS AND MOTORS. By W. S.
Franklin and Wm, Esty. 17s. 6d. nett.

Franklin and Esty—THE ELEMENTS OF ELECTRICAL
ENGINEERING. By Wm. S. Franklin and Win. Esty. i8s.6d. nett.

Gant—THE ELEMENTS OF ELECTRIC TRACTION. By
L. W. Gant. 5s. nett.

Gay and Yeaman—CENTRAL STATION ELECTRICITY
SUPPLY. iy Albert Gay and C. H. Yeaman. Second Edition. los. nett

Gerhardi—ELECTRICITY METERS: Their Construction and
Management. By C. H. W. Gerhardi. gs. nett. See also p. 6.

Glazebrook—ELECTRICITY AND MAGNETISM. By R. T.
Glazebrook, M.A., F.R.S. 7s. 6d.

Gore-THE ART OF ELECTRO-METALLURGY. By Dr. G.
Gore. 6s.

Gray—ABSOLUTE MEASUREMENTS IN ELECTRICITY
AND MAGNETISM. By Prof. Andrew Gray. Second Edition. 5s. 6d.

Gray—THEORY AND PRACTICE OF ABSOLUTE MEASURE
MENTS IN ELECTRICITY AND MAGNETISM. By Prof. Andrew Gray, MA.,
F.R.S.E. In two Vols., crown 8vo. Vol. I., 12s. 6d. Vol. II., in two parts, 25s.
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Groth—WELDING AND CUTTING METALS BY AID OF
GASES OR ELECTRICITY. By Dr. L. A. Groth. los. 64. nett.

Hadley—MAGNETISM AND ELECTRICITY FOR STUDENTS.
By H. E. Hadley. 6s. nett.

Harrison—PRACTICAL ALTERNATING CURRENTS AND
POWER TRANSMISSION. By Newton Harrison, iis. nett.

Haslam—ELECTRICITY IN FACTORIES AND WORKSHOPS.
By A. P. Haslam. 7s. 6d. nett.

Hawkins and Wallis-DYNAMO, THE : Its Theery, Design and
Manufacture. By C. C. Hawkins and F. Wallis. Fifth Edition. Two Vols., 21s. nett.

Hay—ELECTRICAL DISTRIBUTING NETWORKS AND
TRANSMISSION LINES. By A. Hay, D.Sc. los. 6d. nett.

Hay—ALTERNATING CURRENTS : Their Theory, Generation,
and Transformation. By A. Hay, D.Sc. 6s, nett.

Hay—CONTINUOUS CURRENT ENGINEERING. By A. Hay,
D.Sc. ss. nett.

Henderson—PRACTICAL ELECTRICITY ^ND MAGNETISM.
By Dr. John Henderson. 7s. 6d. ^

Henderson—ELECTROTECHNICS. By Dr. John Henderson.'

Hertz—MISCELLANEOUS PAPERS. Bylate Prof. H. Hertz. Trans-
lated by D. E.Jones and G. A. Schott. Introduction by Prof. P. Lenard. los. 6d., nett.

Hill—ELECTRIC CRANE CONSTRUCTION. By C. W. HilU
25s. nett.

Hiscox—MODERN STEAM ENGINEERING. By Gardner D.
Hiscox. Including an Electrical Section. By N. Harrison. 12s. 6d. nett.

Hobart—ELECTRIC MOTORS. By H. M. Hobart. 2nd Edition.
i8s. nett.

Hobart—ELECTRICITY. By H. M. Hobart. 6s. nett.

Hobart—HEAVY ELECTRICAL ENGINEERING. By H. M.
Hobart. i6s. nett.

Hobart-ELECTRIC TRAINS. By H. M. Hobart, 6s. nett.

Hobart—BARE ALUMINIUM CABLES. By H. M. Hobart. 2s. 6d.

Hobart—A DICTIONARY OF ELECTRICAL ENGINEERING.
Edited by H. M. Hobart. Two Vols., 35s.

Hobart and Ellis— HIGH SPEED DYNAMO ELECTRIC
MACHINERY. By H. M. Hobart and A. G. Ellis. 25s. 6d. nett.

Hobart and Ellis—ARMATURE CONSTRUCTION. By H. M.
Hobart and A. G. Ellis. 15s. nett.

Hooper and Wells—ELECTRICAL PROBLEMS FOR Engi-
neering students. By W. L. Hooper and Roy T. Wells. 6s.

Hopkins—TELEPHONE LINES AND THEIR PROPERTIES.
By Prot. W. J. Hopkins. 6s.

Horner—TOOLS FOR ENGINEERS AND WOOD WORKERS.
By J. Horner. 9s.

Hutchinson—LONG DISTANCE ELECTRIC POWER TRANS-
mission. By R. W. Hutchinson, Juni. 12s. 6d. nett.

Jackson—ELECTRO-MAGNETISM AND THE CONSTRUC-
TION OF DYNAMOS, TEXT BOOK ON. By Prot. D. C. Jackson. Vol. I.,

Electro-Mae^netism and the Construction of Continuous-Current Dynamos, 9s. nett.

;

Vol. II., Alternating Currents and Alternating- Current Macnine.y, 14s. nett.

Jeans—MATHEMATICAL THEORY OF ELECTRICITY AND
MAGNETISM. By J. H. Jeanes, F.R.S. 155. net..

"Tx4E ELECTRICIAN" PRINTING & PUBLISHING CO., LTD.
I, 2 and 3, Salisbury Court, P'leet Street, London, E.C.



( 19 )

Joly—RADIO-ACTIVITYAND GEOLOGY. ByJJoly. 7s.6d.netU

Jones—THE ELECTRICAL NATURE OF MATTER AND
AND RADIOACTIVITY. By H. C. Jones, 7s. 6d. nett.

Jude and Satterly—MATRICULATION MAGNETISM AND
ELEC IRICI rV. «y R. H. Jude and J. Satterly. 4s. 6d.

Kapp—ELECTRIC TRANSMISSION OF ENERGY, and its

Transforraatioo.Subdivision and Distribution. By Gisbert Kapp. Fourth Edition. ios.6d.

Karapetoff.— EXPERIMENTAL ELECTRICAL ENGINEER-
ING. By V. Karapetoff. 25s. 6d. nett.

Kelsey—CONTINUOUS CURRENT DYNAMOS AND MOTORS
AND THEIR CON IROL. By W. R. Kelsey. Second Edition. 7s. 6d. neti.

Kelvin—MATHEMATICAL AND PHYSICAL PAPERS OF
THE LATE LORD KELVIN. Four Vols. Vols. L, III. and IV., i8s. each ; Vol,
II. 15s.

Kempe—A HANDBOOK OF ELECTRICAL TESTING. By
H. R. Kempe. 7th Edition. i8s. nett.

Kennelly— WIRELESS TELEGRAPHY AND WIRELESS
TELEPHONY By A. E. Kennelly 4s, nett.

Kershaw-THE ELECTRIC FURNACE IN IRON AND STEEL
PKODUCITON. By J. B. C. Kershaw. 3s. 6d. nett. [6s. nett.

Kershaw—ELECTRO-METALLURGY. By John B. C. Kershavv

Kershaw—FUEL, WATER AND GAS ANALYSIS FOR STEAM
USERS. By J. B. C. Kershaw. 8s. nett.

Kinzbrunner — ALTERNATING - CURRENT WINDINGS ;

TWEIK THEORY AND CONSTRUCTION. By C Kinzbrunner 3s. 6d. nett.

Kinzbrunner — CONTINUOUS - CURRENT ARMATURES :

THEIR WINDINGS AND CONSTIlUCTION. By C. Kinzbrunner. 3s. 6d. nett.

Kinzbrunner — TESTING OF CONTINUOUS - CURRENT
MACHINES IN LABORATORIES AND TEST ROOMS. By C. Kinzbrunner.
6s. nett.

Kinzbrunner—THE TESTING OF ALTERNATING -Cur-
rent MACHINES IN LABORATORIES AND TEST ROOMS. By C. Kinz-
brunner. 4s. 6d. nett.

Koester—HYDRO-ELECTRIC DEVELOPMENTS AND Engi-
neering. By Frank Koester 21s. nett.

Koester—STEAM ELECTRIC POWER PLANTS. By Frank
Koester. 21s. nett.

Krause—STARTERS AND REGULATORS FOR ELECTRIC
MOTORS AND GENERATORS, By R. Krause. Translated from the German by
C. Kinzbrunner and N. West. 4s. 6d. nett.

Lamb—ALTERNATING CURRENTS. By C. G. Lamb. los. 6d..

Larmor—^THER AND MATTER. By Sir Joseph Larmor. los.

Leaf—THE INTERNAL WIRING OF BUILDINGS. By H. M.
Leat. Third Edition. 3s. 6d. nett.

Le Blanc—A TEXT-BOOK OF ELECTROCHEMISTRY. By
Prot. Mdx Le Blanc. Translated from the fourth German Edition by W. R. Whitney
and J. W. Brown, los. 6d. nett.

Lehfeldt—ELECTRO-CHEMISTRY. By Prof. R. A. Lehfeldt.
Part I. : General Theory. 5s.

Lopp^ and Bouquet—ALTERNATE CURRENTS IN PRAC-
riCE. Translated from the French of Loppe and Bouquet by F. J. Moffett, 6s.

Lummis-Paterson-THE MANAGEMENT OF DYNAMOS. By
By G. Lummis-Paterson. Third Edition 4s 6d.

"THE ELECTRICIAN " PRINTING & PUBLISHING CO.. LTD.,
I, 2 and 3, Salisbury Court, Fleet Street, London E.G.



Lupton, Parr and Perkin—ELECTRICITY AS APPLIED TO
MINING. By Arnold Lupton, G. D. A. Parr and H. Perkin. Second Edition. 12s. nett.

Lyndon—DEVELOPMENT AND ELECTRICAL DISTRIBU-
TION OF WATER POWER. By Lamar Lyndon. 12s. 6d. nett.

McAllister—ALTERNATING CURRENT MOTORS. By A. S.
McAllister. Third Edition. 13s. nett.

MacDonald-ELECTRIC WAVES. By H. M. MacDonald. los.

Maclean—MODERN ELECTRIC PRACTICE. Edited by Prof.
Magnus Alaclean. Second Edition. Six vols. 54s.

McMillan—ELECTRO-METALLURGY, TREATISE ON. By
Walter G. McMillan. Third Edition. Revised by W. R, Cooper. 12s. 6d. nett.

Marks and Clerk-ELECTRIC LIGHTING FOR MOTOR
CARS. By G. C. Marks and D. Clerk. 3s. 6d. nett.

Marks—THE CONSTRUCTION OF CRANES AND OTHER
LIFTING MACHINERY. By E. C. R. Marks. 3s. 6d.

Mascart and Joubert—LEgONS SUR L'ELECTRICITlfe ET
LE MAGNETISME. By E. Mascart and J. Joubert. Two Vols. Second Edition
36s. Each volume, 25s.

Mathot—CONSTRUCTION AND WORKING OF INTERNAL
COMBUSTION ENGINES. By R. E. Mathot. Translated by W. A. Tookey. 24s.nett.

Mathot—GAS ENGINES AND PRODUCER GAS PLANTS. By
R. E. Mathot. Translated by W. B. Kaempffert. 12s.

Maver—WIRELESS TELEGRAPHY. By W. Haver. 9s.

Maxwell—MAXWELL'S THEORY AND WIRELESS TELE-
GRAPHY. Edited by Frederick K. Vreeland. los. 6d. nett. Parti. : Maxwell's Theory
and Hertzian Oscillations By H. Poincare. Part II. : The Principles of Wireless Tele-
graphy. By Frederick K. Vreeland.

Maycock—ELECTRIC WIRING, FITTINGS, SWITCHES AND
LAMPS. By W. Perren Maycock. 6s. nett.

Maycock—ELECTRIC LIGHTING AND POWER DISTRIBU-
TION. By W. Perren Maycock. In two vols. Vol. I.. 7th Ed., 6s. ; Vol. II., 7s. 6d.

Mercer—THE CALCULUS FOR BEGINNERS. By Prof. J. W.
Mercer. 6s. nett.

Monckton—RADIO-TELEGRAPHY. By C. C. F. Monckton-
6s. nett.

Neilson—THE STEAM TURBINE. By R. M. Neilson. 5th
Edition. 15s. nett.

Metcalfe—PRACTICAL ELECTRIC WIRING FOR LIGHTING
INSTALLATIONS. By Chas. E. Metcalfe. 55. nett.

Nerz—SEARCHLIGHTS ; Their Theory, Construction and Applica-
tion. By F. Nerz. Translated by Chas. Rodgers. 7s. 6d. nett.

Norris—INTRODUCTION TO THE STUDY OF ELECTRICAL
ENGINEERING. By H. H. Norris. los. 6d. nett.

Oudin — STANDARD POLYPHASE APPARATUS AND
SYSTEMS. By Maurice E. Oudin, M.S. Fifth Edition 13s. 6d. nett.

Oulton and Wilson—PRACTIOAL TESTING O F ELECTRICAL
MACHINES. ByiL. Oulton and|Norraan J.jWilson. 4s. 6d. nett.

Palaz—INDUSTRIAL PHOTOMETRY : Treatise on. By Dr.
A. Palaz. Translated by G. W. and M. R. Patterson. 12s. 6d.

Parham and Shedd—MISCELLANEOUS TESTS OF ELECTRIC
CAR EQUIPMENT. By Eugene C. Parham and John C. Shedd. 4s. 6d. nett.

Parr—PRACTICAL ELECTRICAL TESTING IN PHYSICS
AND ELECTRICAL ENGINEERING. By G. D. Aspinall Parr. 8s. 6d.

'*THE ELECTRICIAN" PRINTING & PUBLISHING CO., LTD.
I, 2 and 3, Salisbury Court, Fleet S.reet, London, E.G.



( 21
)

Parr — ELECTRICAL ENGINEERING IN THEORY AND
PRACTICE. By G. D. Aspinall Parr. i2s.nett.

Parshall and Hobart—ELECTRIC MACHINE DESIGN. By
H. F. Parshall and H. M. Hobart. 42s. nett.

Pearn—WORKSHOP COSTS FOR ENGINEERS AND Manu-
facturers. By S. and F. Pearn. 12s. 6d. nett.

Perkin—PRACTICAL METHODS OF ELECTRO-CHEMISTRY.
By F. Mollwo Perkin. 6s.

Perrine—CONDUCTORS FOR ELECTRICAL DISTRIBUTION;
Their Materials and Manufacture. By F. A. C. Perrine. 20s, nett.

Perry—CALCULUS FOR ENGINEERS. By Prof. John Perry. 7s. 6d.

Poincard—SCIENCE AND HYPOTHESIS. By H. Poincare.
with a Preface by Prof. J. J. Larmor, F.K.S. 3s. 6d

Poole—THE GAS ENGINE. By Cecil P. Poole. 4s. 6d. nett.

Poole—THE PRACTICAL TELEPHONE HANDBOOK. By
Joseph Poole. 6s. nett.

Poynting and Thomson—A TEXT-BOOK OF PHYSICS. By
Prof. r. H. Poynting, D.Sc.F.R.S.. and Prof. Sir J. J. Thomson, M.A., F.R.S. SOUND
(Third. Edition), 8s. 6d. PROPERTIES OF MATl'KR, '-econd Edition, los. 6d.

HEAT, iss. LIGHT, MAGNETlS.vl AXD ELECTRICI I'Y. In preparation.

Preece and Sivewright—TELEGRAPHY. By Sir Wm. Preece,
K C.B., and Sir J. Sivewright, K.C.M.G. 7s. 6d.

Punga—SINGLE -PHASE COMMUTATOR MOTORS. By
F. Punga. (Translated Irom the German.) 4s. 6d. nett.

Puppe — EXPERIMENTAL INVESTIGATIONS ON THE
POWER REQUIRED TO DRIVE ROLLING MILLS. By J. Hiippe. 12s. 6d. nott.

Ramsay—SYSTEM OF INORGANIC CHEMISTRY. By Prof.
Sir W. Ramsay, F.R.S. 15s.

Rhodes— ELEMENTARY TREATISE ON ALTERNATING
CURRENTS. By W. G. Rhodes, M.^c 7s. 6d. nett.

Richardson—THE EVOLUTION OF THE PARSONS STEAM
TURBINE. By A. Richardson. 21s. nett.

Richardson—MAGNETISM AND ELECTRICITY. By S. S.

Richardson. 5s.

Rider—ELECTRIC TRACTION. By John H. Rider. los. 6d. nett.

Righi—MODERN THEORY OF PHYSICAL PHENOMENA,
RADIO-ACTIVIiY, IONS, ELECTRONS. By Prof. A. Righi. Translated by Prof

A. Trowbridge, ss.

Roberts-LABORATORY WORK IN ELECTRICAL Engi-
neering. By John Roberts, jun. 53. nett.

Robinson—GAS AND PETROLEUM ENGINES. By Prof. W.
Robinson, 2nd Edition, 21s.

Robson—POWER GAS PRODUCERS. By P. W. Robson. los. 6d.

nett.

Rosenberg—ELECTRICAL ENGINEERING. By E. Rosenberg.
Translated by \V. W. Haldane Gee and C. Kinzbrunner. 6s.

Ruhmer—WIRELESS TELEPHONY. By E. Ruhmer. Trans-
latedby Dr. J. Erskine Murray. 10s. 6d. nett.

Russell—ELECTRIC LIGHT CABLES AND THE DISTRIBU-
TION of electricity. By Stuart A. Russell. Second Edition. ios.6d.

Russell—A TREATISE ON THE THEORY OF ALTERNAT-
ING currents. By Alex. Russell, M.A. Vols. I. and II. 12s. nett each.

Russell—THE THEORY OF ELECTBIC CABLES AND NET
WORKS. By Alex. Russell. 8s. nett.

"THE ELECTRICIAN" PRINTING & PUBLISHING CO., LTD.,
I, 2 and 3, Salisbury Court, Fleet Street, London, E.G.



( 22 )

Rutherford—RADIOACTIVE TRANSb'ORMATlONS. By Prof.
E, Rutherford. i6s. nett.

Schneider— CARE AND MANAGEMENT OF ELECTRIC
POWER PLANT -. By Norman H. Schneider. New Edition. 5s. nett.

Sever and Townsend — LABORATORY AND FACTORY
TESTS IN ELECTRICAL ENGINEERING, hy G. F. Sever and F. Townsend.
10s. 6d. nett.

Sewall—WIRELESS TELEGRAPHY: ITS ORIGIN, DEVE
LOPMENT, INVENTIONS AND APPAKAl US. By C. H. Sev^all. los. 6d. nett.

Sewell—THE ELEMENTS OF ELECTRICAL EXGINEERING.
By T. Sewell. Second Edition. 7s. 6d. nett.

Sheldon and Mason—DYNAMO-ELECTRIC MACHINERY:
Its Construction. Desi^^n and Oneration. By S. Sheld )n an 1 II. Mason. Vol. I., Direct
Current Machines, 12s. nett. ; Vol. II., Alternating-Current Machines, 12s. nett.

Slingo and Brooker—ELECTRICAL ENGINEERING: For
ElectricLight Artisans and Students. By VV. Slingo and A. Brooker, New Edition. i2s. 6d.

Smith—THE PRACTICAL TESTING OF DYNAMOS AND
MOTORS. By Chas. F. Smith. Second Edition. 5s. nett.

Smith—CALCULUS FOR ENGINEERS AND PHYSICISTS.
By Prof. R. H. Smith. 8s. 6d.

Smith—COMMERCIAL ECONOMY IN STEAM AND OTHER
THERMAL POWER PLANTS. By Prof. R. H. Smith. 24s.

Smith -ELECTRIC TRACTION. By Prof. R. H. Smith. 9s. nett.

Smith—MEASUREMENT CONVERSION TABLES; English
and Metrical. By Pro'. R. H. Smith. 8s. 6d.

Snell—THE DISTRIBUTION OF ELECTRICAL ENERGY.
By John F. C. Sne.l. i8s. nett,

Solomon.—ELECTRICITY METERS. ByH.G.So'omon. 1 6s nett.

Solomon—ELECTRIC LAMPS. By Maurice Solomon. 6s. nett.

Spooner—MACHINE DESIGN, CONSTRUCTION & DRAWING-
By H, J. Spooner. ios.6d. nett.

Steinmetz—THEORETICAL ELEMENTS OF ELECTRICAL
ENGINEERING. By C. P. Steinmetz. 3rd E iition. 17s. 6d.

Steinmetz—RADIATION, LIGHT, AND ILLUMINATION. By
C. p. Steinmetz. 13s. 6d.

Steinmetz and Berg—THEORY AND CALCULATION OF
ALTERNATING-CURRENT PHENOMENA. By C. P. Steinmetz and E. J. Berg.
17s. 6d.

Stevens — ELECTRICAL INSTALLATIONS FOR ARCHI-
TECTS, BOROUGH SURVEYORS, &c. By F, J. Warden btevens, 2s. 6d.

Stevens and Hobart—STEAM TURBINE ENGINEERING. By
T. Stevens and H, ^I. Hobart, 21s.

Stodola- STEAM TURBINES; with Appendix on Gas Turbines and
the Future of Heat Engines. By Dr. A, Stodola. Ttanslated by Dr, L, C. Loewenstein. 21s.

Stoney—THE THEORY OF STRESSES IN GIRDERS AND
SIMILAR STRUCTURES. By B, H, STONEY, LL.D., F.R.S. 36s.

Strutt—THE BECQUEREL RAYS AND THE PROPERTIES
OF RADIUM. By Hon. R. J. Strutt, 8s, 6d.

Swenson and Frankenfeld—TESTING OF ELECTRO-MAG-
NKTIC MACHINERY AND OTHER APPARATUS. By B. V. Swenson and B.
Frankenfeld. iis. nett,

Swinburne—ENTROPY. By James Swinburne. 4s. 6d. nett.

"THE ELECTRICIAN" PRINTING & PUBLISHING CO., LTD.,
I, 2 and 3, Salisbury Court, Fleet Street, London, E.C.



( 23 )

Thomalen—A TEXT BOOK OF ELECTRICAL ENGINEERING.
Translated from the German of Dr, A Thomalen. By Geo. W. O. Howe. 15s. nett.

Thompson—DESIGN OF DYNAMOS. By Prof. Silvanus P.
Thompson. 12s.

Thompson—DYNAMO-ELECTRIC MACHINERY : A Text Book
for Students of Electro-Terhnoloprj'. By Silvanus P. Thompson, B.A., D.Sc,
M.I.E.E., F.R.S. Seventh Edition. 984 pages, 30 folding plates, 573 illustrations in text.
Cloth. 30s. nett.

Thompson—THE LIFE OF WILLIAM THOMSON, BARON
KELVIN OF LARGS. By Prof. S. P. Thompson, U.Sc, F.R.S. 2 vols. 30s. net.

Thompson—LIGHT, VISIBLE AND INVISIBLE. By Prof.
S. p. Thompson, D.Sc, F.R.S. 6s. nett.

Thompson— POLYPHASE ELECTRIC CURRENTS AND
ALTERNATE-CURKENT MOTORS. By Prof. Silvanus P. Thompson. D.Sc. New
Edition. Demy 8vo. Cloth. 21s.

Thomson—APPLICATIONS OF DYNAMICS TO PHYSICS
AND CHEMISTRY. By Prof. Sir J. J. Thomson. 7s. 6d.

Thomson—THE CORPUSCULAR THEORY OF MATTER.
By Prof. Sir J. J. Thomson, F.R.S. 7s. 6d. nett.

Thomson—CONDUCTION OF ELECTRICFI'Y THROUGH
GASES. Second Edition. By Prof. Sir J. J. Thomson, M.A., F.R.S. i6s.

Thomson—ELEMENTS OF THE MATHEMATICAL THEORY
OF ELECTRICITY AND MAGNETISM. By Prof. Sir J.J. Thomson, F.R.S. Second
Edition. los

Thomson—THE DISCHARGE OF ELECTRICITY THROUGH
GASES. By Prof. Sir J. J. Thomson, D.Sc, F.R.S. 4s. 6d. nett.

Thomson and Bloxam—BLOXAM'S INORGANIC AND
ORGANIC CHEMISTRY, with Experiments. Re-written and Revised by Prof. J. M.
Thomson, F.R.S., and Arthur G. Bloxam. Eighth Edition, i8s. td.

Thurso.—MODERN TURBINE PRACTICE AND WATER-
POWER PLANTS. By J. W. Thurso. 165.

Tunzelmann—A TREATISE ON ELECTRICAL THEORYAND
THE PROBLEM OF 1 HE UNIVERSE. By G. W. de Tunzelmann. 15s. nett.

Turner and Hobart—THE INSULATION OF ELECTRIC
MACHINES. By H. W. Turner and H. M. Hobart. los. 6d.

Underhill—THE ELECTRO-MAGNET. By C. R. Underbill. 6s. 6d^

Von Lommel—EXPERIMENTAL PHYSICS. By the late Prof.*
von Lorainel. Translated by Prof. G. W. Myers. 15s. nett.

WagStaff—PROPERTIES OF MATTER. By C. J. Wagstaff. 3s. 6d.

Walker—ELECTRICITY IN HOMES AND WORKSHOPS. By
Sydney F. AValker. 5s. nett.

Walker—ELECTRICITY IN MINING. By S. F.Walker. 9s. nett-

Walmsley—ELECTRICITY IN THE SERVICE OF iMAN. A
Popular and Practical Treatise on the Applications of Electricity in iModern Life. Revised
by R. xMuUineux Walmsley, D.Sc, F.R.S. E. New and Revised Edition, ics. 6d.

Walsh—RONTGEN RAYS IN MEDICAL WORK. By D. Walsh,
M.D. Fourth Edition. 17s. nett.

Watson—PHYSICS,ATEXTBOOKOF. By Prof.W.Watson. ios.6d.

Watson—A TEXT BOOK OF PRACTICAL PHYSICS. By
Prof. \V. Watson. 9s,

Watson and Burbury—MATHEMATICAL THEORY OF
ELECTRICITY AND MAGNETISM. Vol. I.. Electrostatics; Vol. II., Magnetism and
Electro-dynamics, By H. W. Watson, and S. H. Burbury. los. 6d. each.

THE ELECTRICIAN" PRINTING & PUBLISHING CO., LTD.,
I, 2 and 3, Sahsbury Court, Fleet Street, London, E.C.



( 24 )

Webster—THEORY OF ELECTRICITY AND MAGNETISM.
J^V Prof. A. G. AVebster; 14s.

Weingren—ELECTRIC POWER PLANT ENGINEERING.
By J. Weingren. 2rs. nett.

Wells—ENGINEERING DRAWING AND DESIGN. By Prin-
cipal S. H. Wells. 4s. 6d.

Whetham — RECENT DEVELOPMENTS OF PHYSICAL
SCIENCE. By W. C. D Whetham, F.R.8. 7s. 6d. nett.

Whetham—THE THEORY OF EXPERIMENTAL ELECTRI-
CITY. By W. C. D. Whetham, F.R.S. 8s.

Wickenden—ILLUMINATION AND PHOTOMETRY, By
AV'ni. E. Wickenden. 8s. 6d. net.

Wiener — PRACTICAL CALCULATIONS OF DYNAMO
ELECTRIC :MACHINES. ]5y Alfred E. Wiener. New Edition. 13s. 6d.

Wilson and Lydall—ELECTRIC TRACTION. By Prof. E.
Wilson, M.I.E.E., ani F. Lydall. Vol. I. Direct-Current; Vol. II. Alternating-Current.
15s. each.

Wilson—ELECTRIC TRACTION. By Prof. Ernest Wilson. 5s.

Wilson—RAILWAY SIGNALLING. By H. R. Wilson. i8s.

Wimperis—THE INTERNAL COMBUSTION ENGINE. By
H. E. Wimperis. 6s. ne t.

Woods—vETHER : A THEORY OF THE NATURE OF ^THER
AND ITS PLACE IN THE UNIVERSE. By Hugh Woods, M.D., &c. See p. 13.

Wordingham-CENTRAL ELECTRICAL STATIONS. ByChas.
H. Wordingham, A.K.C., IM.inst.C.E., M.I.M.E. Second Edition, 24s. nett,

Wright—ELECTRIC FURNACES AND THEIR INDUSTRIAL
APPLICATION. By J. Wright. 8s. 6d.

Wright—THE INDUCTION COIL IN PRACTICAL WORK.
By Lewis AVright. 4s. 6d.

Wright—A COURSE OF EXPERIMENTAL OPTICS. By
L^wis Wright. 7s. 6d.

Yorke—A TEXT BOOK OF ELECTRICAL ENGINEERING
FOR SECOND-YEAR STUDENTS. By J. Paley Yorke. 7s. 6d.

Zeidler and Lustgarten—ELECTRIC ARC LAMPS. By J.
Zeidler and J. Lustgarten. 5s. nett.

Zeuner—TECHNICAL THERMODYNAMICS. By Dr. G.
Zeuner. Translated by J, F. Klein. 2 Vols. 36s. nett.

Zimmer—THE MECHANICAL HANDLING OF MATERIAL.
By G. F. Zimmer, 25s.

SPECIAL NOTICE.
In addition to the supply of Technical and Sientific Books and Publications,

"The Electrician " Company undertake the dispatch, on closest market terms,

to any part of the world, of Works of Ficton, Travel, Biography, History,

Theology, Reference Books, &c. Quotations given for Mixed Parcels of Books
from £^ upwards. Searches maHe for Rare Books and Old Editions.

The Company has a department for the prompt dispatch of Daily, Weekly,
and Monthly Periodicals to all parts of the world on best terms. Enquiries

invited.

Printing and Stationery Supplies. Typewriters and Typewriter Supplies.

Cyclostyle and all other makes of Copying and Duplicating Apparatus. Photo-
graphic Outfits and Supplies, Phonographs and Phonograph Records on Best Terms.

"THE ELECTRICIAN" PRINTING & PUBLISHING CO., LTD.
I, 2 and 3, Salisbury Court, Fleet Street, London, E,C.



TEE
Gol

119533

Goldschmidt, Rudolf
Alternating current

commutator motor

PLEASE DO NOT REMOVE

CARDS OR SLIPS FROM THIS POCKET

UNIVERSITY OF TORONTO LIBRARY




